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John Randall (physicist) 



Sir John Turton Randall,DSc, FRSE 


0 

Sir John Turton Randall, FRSE at King's 


Born 


iviarcn zd, ivuj 

Newton-le- Willows, St Helens, Lancashire, UK 


Died 


June 16, 1984 
Edinburgh 


Residence 


UK 


Citizenship 


United Kingdom of Great Britain 


Nationality 


British 


Ethnicity 


British, Scottish descent 


Fields 


Experimental physicist and biophysicist 


Institutions 


GEC, The Cavendish Laboratory of the University of Cambridge, King's College in the University of London and Dept. 
of Zoology at the University of Edinburgh 


Alma mater 


University of Manchester and The Cavendish Laboratory of the University of Cambridge 


Doctoral 
advisor 


Nobel-prize winner, Sir- William Lawrence Bragg, Head of The Cavendish Laboratory 


Doctoral 
students 


49 


Known for 


High-power, multi-cavity magnetron for British and American radar stations in WWII, DNA structure determination, 
neutron diffraction studies of labelled proteins 


Influenced 


discovery of A- and B- DNA double helix structures, Maurice F. Wilkins, Rosalind Franklin 


Notable awards 


Knight of the British Empire, FRSE 



Sir John Turton Randall,FRSE, (March 23, 1905 - June 16, 1984) was a British physicist and biophysicist, 
credited with radical improvement of the cavity magnetron, an essential component of centimetric wavelength radar, 
which was one of the keys to the Allied victory in the Second World War. It is also the key component of microwave 
ovens. He also led the King's College London team which worked on the structure of DNA; his deputy, Professor 
Maurice Wilkins, shared the 1962 Nobel Prize for Physiology or Medicine, together with James Watson and Francis 
Crick of the Cavendish Laboratory at the University of Cambridge, for the determination of the structure of DNA. 
His other staff included Rosalind Franklin, Raymond Gosling, Alex Stokes and Herbert Wilson, all involved in 
research on DNA. 
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Origins 

John Randall was born on 23 March 1905 at Newton-le-Willows, St Helens, Lancashire, the only son and the first of 
the three children of Sidney Randall, nurseryman and seedsman, and his wife, Hannah Cawley, daughter of John 
Turton, colliery manager in the area. He was educated at the grammar school at Ashton-in-Makerfield and at the 
University of Manchester, where he was awarded a first-class honors degree in physics and a graduate prize in 1925, 
and an MSc in 1926. He married Doris, daughter of Josiah John Duckworth, a colliery surveyor, in 1928. They had 
one son. 

From 1926 to 1937 Randall was employed on research by the General Electric Company at its Wembley 
laboratories, where he took a leading part in developing luminescent powders for use in discharge lamps. He also 
took an active interest in the mechanisms of such luminescence. 

The Magnetron 

By 1937 he was recognized as the leading British worker in his field, and was awarded a Royal Society fellowship to 
the University of Birmingham, where he worked on the electron trap theory of phosphorescence in Professor Marcus 
Oliphant's physics faculty. When the war began in 1939 Randall transferred to the large group working on centimeter 
radar. At the time limited transmitter output was the greatest single obstacle in the development of this type of radar. 

Simple two-pole magnetrons had been developed in the 1920s but gave relatively low power outputs. A more 
powerful multi-cavity resonant magnetron had been developed in 1935^ by Hans Erich Hollmann in Berlin. By 
1940 Randall and Dr Harry Boot produced a working prototype similar to Hollman's cavity magnetron, but added 
liquid cooling and a stronger cavity. However Randall and Boot soon managed to increase its power output 100-fold. 
As Prof. W. E.Burcham recollects: "John Randall and Harry Boot, two young physicists were assigned to the task. 
Within 2 months (21st February 1940) they had produced a new kind of magnetron, one with 8 concentric cavities... 
Randall got the inspirational idea of using 8 cavities when he researched the design of the original Hertz oscillator 
which was an open single ring. Randall saw that this structure could be extrapolated into a cylinder and then into 8 
resonating chambers . Later James Sayers provided the final breakthrough to a practical magnetron device for 
use in radar stations. At the same time, the Telefunken Company of Berlin was also 'searching' for such a device , 
but has apparently met with much less success than the British inventors or the Romanian Professor Theodor V. 
Ionescu who was also engaged at the time in the same quest for a powerful magnetron. However, the split anode 
magnetron had first been developed in 1921 by Dr. A.E.Hull at GEC Company in USA; also in 1921, Haben, who 
was working in Germany, developed a similar device that worked on a 3 cm wavelength. A strong competitor of the 
former inventors was also Dr. H.E.Hollman who registered many patents between 1925 and 1935 that documented 
devices related to magnetron development^ . 

The military importance of a high-power multi-cavity magnetron was immense to the British defense at first, and 
then to the American AirForce offense in the North Sea and the Pacific. Centimetric radar could detect much smaller 
objects. The combination of the small-sized cavity magnetron, small antennas and high resolution allowed small high 
quality radars to be installed in aircraft to detect submarines and other aircraft. This advance eventually defeated the 
German U-boats and so won the Battle of the Atlantic. This allowed Britain to be supplied and then re-armed from 
across the Atlantic, ultimately allowing for the the liberation of continental Europe. Other applications of radar 
included aerial interception of bombers at night, better navigation of Allied bombers (H2S radar), better anti-aircraft 
batteries and naval gunnery and proximity fuzes. One million magnetrons were produced by Bell Labs alone in the 
USA before the end of the war, and many millions since have been incorporated into cookers and a wide range of 
other appliances. An official American historian described Magnetron Number 12 that was taken to the USA in 
September 1940 as follows: "When the members of the Tizard Mission brought one to America in 1940, they carried 
the most valuable cargo ever brought to our shores." 
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As an important spin off from the magnetron war efforts at MIT was, shortly after WWII, American physicist Erwin 
L. Hahn's discovery at MIT of the nuclear magnetic resonance phenomenon, a key tool for modern chemistry and 
physics research^ ^ . 

In 1943 Randall left Oliphant's physical laboratory at Birmingham to teach for a year in the Cavendish Laboratory at 
Cambridge. In 1944 Randall was appointed professor of natural philosophy at University of St Andrews and began 
planning research in biophysics (with Maurice Wilkins) on a small Admiralty grant. 

Double Helix 
Discovery 




William Astbury 
Oswald Avery 
Francis Crick 
Erwin Chargaff 
Max Delbriick 
Jerry Donohue 
Rosalind Franklin 
Raymond Gosling 
Phoebus Levene 
Linus Pauling 
Sir John Randall 
Erwin Schrodinger 
Alex Stokes 
James Watson 
Maurice Wilkins 
Herbert Wilson 



King's College London 

In 1946, John T Randall- who had as Ph.D. advisor the Nobel-Prize winning physicist, William Lawrence Bragg- 
was appointed Head of Physics Department at King's College in London. He then moved to the Wheatstone chair of 
physics at King's College London, where the Medical Research Council set up the Biophysics Research Unit with 
Randall as the director (now known as Randall Division of Cell and Molecular Biophysics) at King's College 
London. During his term as Director the experimental work leading to the discovery of the structure of DNA was 
made there by Rosalind Franklin, Raymond Gosling, Maurice Wilkins, Alex Stokes and Herbert R. Wilson. He 
assigned Raymond Gosling as a PhD student to Dr. R. Franklin to work on DNA structure by X-ray diffraction. 

Maurice Wilkins shared the 1962 Nobel Prize for Physiology and Medicine with James Watson and Francis Crick; 
Rosalind Franklin had already died from cancer in 1958. 
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In addition to the X-Ray diffraction work the unit conducted a wide-ranging programme of research by physicists, 
biochemists, and biologists. The use of new types of light microscopes led to the important proposal in 1954 of the 
sliding filament mechanism for muscle contraction. Randall was also successful in integrating the teaching of 
biosciences at King's College. 

In 1951 he set up a large multidisciplinary group working under his personal direction to study the structure and 
growth of the connective tissue protein collagen. Their contribution helped to elucidate the three-chain structure of 
the collagen molecule. Randall himself specialized in using the electron microscope, first studying the fine structure 
of spermatozoa and then concentrating on collagen. In 1958 he began to study the structure of protozoa. He set up a 
new group to use the cilia of protozoa as a model system for the analysis of morphogenesis by correlating the 
structural and biochemical differences in mutants. 

Later years 

In 1970 he retired to Edinburgh University, where he formed a group which applied a range of new biophysical 
methods, such as coherent neutron diffraction studies of protein crystals in ionic solutions in heavy water, to study 
by neutron diffraction and scattering various biomolecular problems, such as the proton exchange of protein residues 
by deuterons. He continued such work with characteristic vigor supported by a few loyal assistant crystallographers 
until his death. 

In science Randall was not just original but a maverick. He made extremely important contributions to biological 
science when he set up, at the right time, a large multidisciplinary biophysical laboratory where his staff were able to 
achieve much success. However his treatment of Rosalind Franklin upon her leaving King's for Birkbeck College is 
still a matter of debate and controversy, as already touched upon above. 

His direct, personal contributions to experimental biophysics at a later stage were possibly not as outstanding as 
those he made in experimental physics early in his life. In science, and elsewhere, he showed most of the times 
excellent judgement. He had a rare, unusual capacity to see the essentials of a situation and also had outstanding skill 
in obtaining funds and buildings for research, possibly owed in part to his support by his former X-ray adviser Sir 
William Lawrence Bragg. He was thought by some to be ambitious and to enjoy 'political' power, but his ambitions 
were actually motivated only by the common good, as in the case of the magnetron invention that has been said 
many times to have saved Great Britain from nazi invasion and possible occupation. On the other hand, he was a 
very warm and considerate person, of unusual modesty, and also with a deep understanding of physics, especially in 
the experimental areas of X-ray and neutron diffraction. The informal and democratic side of his character may have 
appeared to some to contrast with his natural self-assertion. He showed great dedication and enthusiasm in his 
scientific work, just as he did in the extensive gardening he much enjoyed in his spare time in Edinburgh. 

Honors 

In 1938 Randall was awarded a DSc by the University of Manchester. In 1943 he was awarded (with H. A. H. Boot) 
the Thomas Gray memorial prize of the Royal Society of Arts for the invention of the cavity magnetron. In 1945 he 
became Duddell medallist of the Physical Society of London and shared a payment from the Royal Commission on 
Awards to Inventors for the magnetron invention, and in 1946 he was made a fellow of the Royal Society and 
became its Hughes medalist. Further awards (with Boot) for the magnetron work were, in 1958, the John Price 
Wetherill medal of the Franklin Institute of the state of Pennsylvania and, in 1959, the John Scott award of the city of 
Philadelphia. In 1962 he was knighted, and in 1972 he became a fellow of the Royal Society of Edinburgh. 

It can be said that John Randall's contribution to the discovery of the structure of DNA has effectively gone 
'unrecognized' although the award of a third of the 1962 Nobel Prize for Physiology or Medicine to Maurice Wilkins 
reflected the contribution made by all the members of staff in the King's College Laboratory; the new DNA sculpture 
at Clare College, Cambridge has the following words: On the base: "These strands unravel during cell reproduction. 
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Genes are encoded in the sequence of bases. "and "The double helix model was supported by the work of Rosalind 
Franklin and Maurice Wilkins.", as well as on the helices: "The structure of DNA was discovered in 1953 by Francis 
Crick and James Watson while Watson lived here at Clare." and "The molecule of DNA has two helical strands that 
are linked by base pairs Adenine - Thymine or Guanine - Cytosine." 

So no mention is made of either Sir Lawrence Bragg [already a Nobel Prize winner] director of the Cambridge's 
Cavendish Laboratory or Sir John Randall, the director of King's College's laboratory, London [not a Nobel Prize 
winner]; in 1962 four members of the Cavendish Laboratory received shares of Nobel Prizes: Francis Crick, John 
Kendrew, Max Perutz, and James Watson - while only one member of King's College, London received a share of 
the Nobel Prize (Maurice Wilkins) and that was shared with Crick and Watson. Unfortunately Rosalind Franklin had 
already died of cancer in 1958, possibly related to her exposure to X-rays in her experimental work; subsequent 
debate has been whether Franklin 'deserved' a share of the Nobel Prize posthumously. Nobel Prizes are not awarded 
posthumously. 

According to Wilkins, Randall wanted to be more directly involved in the work leading to the discovery of the 
structure of DNA but yet had previously turned down Francis Crick from working alongside Wilkins at King's 
College, London; the loss of Crick to King's was a gain to the Cavendish Laboratory, but the unofficial liaison 
between Crick and Wilkins helped the Cavendish Laboratory 'win' both of the DNA races: with Linus Pauling and 
with King's College, London. 

Sir John Randall missed his opportunity to also add his own name to the double helix structure of A-DNA --in the 
same way as Crick, Watson, and Wilkins did; he could have done it by agreeing to a joint publication by the two 
research teams as proposed by Sir Lawrence Bragg, even though he was a leading player in the race. One cannot 
imagine that either Franklin or Wilkins would have been happy merely with the phrase: "The double helix model was 
supported by the work of Rosalind Franklin and Maurice Wilkins", but Sir John Randall felt he had good cause to be 
unhappy with his laboratory's competitors from the Cavendish Laboratory, Cambridge, and also with Sir William 
Lawrence Bragg-the Head of the Cavendish Laboratory at the time, for his handling of the informal collaborations 
between the two research teams involved. He was also reported to have been unhappy with Dr. Rosalind Franklin for 
her stubbornly strong opposition to the double helix model of A-DNA which was reflected in his parting letter to Dr. 
Rosalind Franklin who left King's for Birkbeck College in London. One notes however that Sir William had been Dr. 
Randall' s scientific adviser in his early X-ray studies, and that without the latter's support for obtaining substantial 
research funding he might not have been able to establish his new Biophysics and X-ray diffraction laboratories at 
King's. 

At the same time it can be said that Wilkins wished that his own name too had been joined with those of Watson and 
Crick in 1953 when invited to be listed as an author of the first Watson/Crick paper. Both Randall and Wilkins 
deserve more recognition of the discovery of the structure of DNA, but unlike John Randall, Wilkins at least got his 
one third share of the 1962 Nobel Prize for Physiology or Medicine. 

Books featuring Sir John Randall, FRSE 

• Chomet, S. (Ed.), D.N.A. Genesis of a Discovery, 1994, Newman- Hemisphere Press, London. 

• Wilkins, Maurice, The Third Man of the Double Helix: The Autobiography of Maurice Wilkins. ISBN 
0-19-860665-6. 

• Ridley, Matt; "Francis Crick: Discoverer of the Genetic Code (Eminent Lives)" first published in July 2006 in the 
USA and then in the UK. September 2006, by HarperCollins Publishers ISBN 0-06-082333-X. 

• Tait, Sylvia & James "A Quartet of Unlikely Discoveries" (Athena Press 2004) ISBN 184401343X 

• Watson, James D., The Double Helix: A Personal Account of the Discovery of the Structure of DNA, Atheneum, 
1980, ISBN 0-689-70602-2 (first published in 1968). 
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See also 

• Magnetron 

• A magnetron precursor prototype in 1935 



External links 

171 

• Biography and picture of John Randall at the King's College website 

• Randall Division of Cell and Molecular Biophysics website [8] 

rm 

• Key Participants: J. T. Randall - Linus Pauling and the Race for DNA: A Documentary History 
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Herbert Wilson 



Herbert R. Wilson, F.R.S 






Born 


20 March 1929 
Wales 


Died 


22 May 2008 (aged 79) 
Stirling 


Nationality 


United Kingdom 


Fields 


Physics and Biophysics 


Institutions 


King's College at the University of London, Queen's College at the University of Dundee, University of St. Andrews, 
University of Stirling 


Alma mater 


King's College at the University of London, University of Wales at Bangor 


Notable 
awards 


Fellow of The Royal Society 



Professor Herbert R. Wilson, F.R.S. (1929 — 2008) was a physicist, who was one of the team who worked on the 
structure of DNA at King's College London, under the direction of Sir John Randall. 



Biography 
College education 

On a fellowship of the University of Wales, Herbert R. Wilson joined Maurice Wilkins at King's College London in 
September 1952. The work involved X-ray diffraction studies of DNA, nucleoproteins and cell nuclei. Prior to the 
double helix model, their studies showed that DNAs from different sources (including biologically active 
transforming principle) had essentially the same structure, and confirmed that the phosphate groups were on the 
outside of the molecule. 



Scientific discoveries and achievements 




• Emeritus Professor Herbert R. Wilson, FRS, with the Double Helix molecular model of A-DNA in front of King's 
College in London. 

Three papers were published in Nature in April 1953 to announce a structure for DNA. Maurice Wilkins, Alex 
Stokes and Wilson published their paper in the same issue as the paper from Rosalind Franklin and Raymond 
Gosling, and the paper by Francis Crick and James Watson. The 1962 Nobel Prize for Physiology or Medicine was 
subsequently jointly awarded to Francis Crick, James Watson, and Maurice H.F. Wilkins. 

Unfortunately in his autobiography "The Third Man of The Double Helix", Maurice H.F. Wilkins does not 
specifically credit Stokes, Wilson and several other co-authors of his papers in "Nature"^ , ^ ; whether this was 
deliberate on his part or just down to rather poor sub-editing by OUP is debatable; however, it is most likely to have 
been a matter of mere 'expedience', as there were more than five co-authors on several of his later papers on the 
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subject published in either Nature or, subsequently, in the Journal of Molecular Biology , , , . Nevertheless, 
both he and Alex Stokes are currently recognized at King's College as two of the eight key researchers that 
contributed to the discovery of the structure of the A-DNA crystalline structure. 

Following the publication of the double helical structure in 1953, Wilson participated in the refinement of the DNA 
structure in Wilkins' group. In 1957 Professor Wilson was appointed Lecturer in Physics at Queen's College, 
Dundee, then at University of St Andrews, became a Senior Lecturer in 1964, and then Reader at the University of 
Dundee in 1973. In 1962 he was Visiting Research Associate at the Children's Cancer Research Foundation, Boston 
Mass. In 1983 he was appointed Professor of Physics at the University of Stirling (now Emeritus). His research at 
Dundee and Stirling has involved X-ray crystallographic studies of nucleic acid components and their analogues, and 
structural studies of flexuous viruses. He was awarded an Honorary Fellowship by the University of Wales, Bangor 
in 2005. 

As a Welshman Herbert was honored by The National Eisteddfod in Wales by being given the official white robe. 

After suffering from terminal cancer, Wilson died on May 22, 2008. He was survived by his wife, two daughters, 
and two grandchildren; his son predeceased him in 1996. 

Books and articles by Herbert R. Wilson, FRS 
Books 

• Herbert R. Wilson. 1966. Diffraction of X-rays by Proteins, Nucleic Acids and Viruses.^ [8] , London: Arnold 
pubis. 

Original articles 

• Wilkins, M.H.F., Stokes, A.R. and H.R. Wilson.(1953). Nature, 171, 737. 

• Wilkins, M.H.F., Seeds, W.E., Stokes, A.R. and H.R. Wilson.(1953). Nature, 171, 759. 

• Wilkins, M.H.F., Zubay, G. and H.R. Wilson. (1959). J. Mol. Biol., 1, 179. 

• H.R. Wilson, (with Feughelman, M., & Langridge, R. et al).(1955). Nature, 175, 834. 

• H.R. Wilson, (with Langridge, R. et al). (1960). J. Mol. Biol., 2, 19. 

• H.R. Wilson, (with Langridge, R, et al). (1960). J. Mol. Biol., 2, 38. 

• H.R. Wilson, (with Fuller, W. et al). (1965). J. Mol. Biol., 12, 60. 

Books featuring Herbert R. Wilson, FRS 

• Chomet, S. (Ed.), D.N.A. Genesis of a Discovery, 1994, Newman- Hemisphere Press, London; NB a few copies 
are available from Newman-Hemisphere at 101 Swan Court, London SW3 5RY (phone: 07092 060530). 

• Wilkins, Maurice, The Third Man of the Double Helix: The Autobiography of Maurice Wilkins ISBN 
0-19-860665-6. 

• Ridley, Matt; "Francis Crick: Discoverer of the Genetic Code (Eminent Lives)" was first published in June 2006 
in the USA and then in the UK September 2006, by HarperCollins Publishers; 192 pp, ISBN 0-06-082333-X. 
[This short book is in the publisher's "Eminent Lives" series.] 

• Contributed book: Mathematical and Experimental Biophysicists: Biographies and Related Fields, (Bci2, ed.), 
pp.382, 31 January 2010, v.7. in Wikipedia [9] 

• Tait, Sylvia & James "A Quartet of Unlikely Discoveries" (Athena Press 2004) ISBN 184401343X 
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External links 

• King's College London link '- 10 -' 

• Photos at 40th anniversary (From left: Raymond Gosling, Herbert Wilson, Maurice Wilkins and Alec Stokes) 

ri2i 

• 'Death' of D.N.A. Helix (Crystaline) joke funeral card 

ri3i 

• First press stories on D.N.A. 
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Erwin Chargaff 

Erwin Chargaff (Czernowitz, August 11, 1905 - New York City, USA, June 20, 2002) was an Austrian Jewish 
biochemist who emigrated to the United States during the Nazi era. Through careful experimentation, Chargaff 
discovered two rules that helped lead to the discovery of the double helix structure of DNA. 

Chargaff had one son, Thomas, with his wife Vera Broido, whom he married in 1928. Chargaff became an American 
citizen in 1940. 



Early life 

Chargaff was born in Czernowitz on August 11, 1905, Bukowina, Austria, which is now Chernovtsy, Ukraine. [1] 
Chargaff had a difficult time deciding whether he would pursue science or philology as a career: he had a natural gift 
for languages, and over the course of his life he would learn 15. His American colleagues recalled that he could 
speak English better than they could. ^ 

From 1924 to 1928, Chargaff studied chemistry in Vienna, receiving a doctorate. From 1928 to 1930, Chargaff 
served as the Milton Campbell Research Fellow in organic chemistry at Yale University, but he did not like New 
Haven, Connecticut. Chargaff returned to Europe, where he lived from 1930 to 1934, serving first as the assistant in 
charge of chemistry for the department of bacteriology and public health at the University of Berlin (1930-1933), 
and then as a research associate at the Pasteur Institute in Paris (1933-1934). [1] 

He had published 30 papers by the time he reached 30 years of age. [1] 
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Columbia University 

Chargaff emigrated to New York in 1935, taking a position as a research associate in the department of biochemistry 
at Columbia University, where he spent most of his professional career. Chargaff became an assistant professor in 
1938 and a professor in 1952. After serving as department chair from 1970 to 1974, Chargaff retired to professor 
emeritus. After his retirement to professor emeritus, Chargaff moved his lab to Roosevelt Hospital, where he 
continued to work until 1992. He retired in 1992. 

During his time at Columbia, Chargaff published numerous scientific papers, dealing primarily with the study of 
nucleic acids such as DNA using chromatographic techniques. He became interested in DNA in 1944 after Oswald 
Avery identified the molecule as the basis of heredity. In 1950, he discovered that the amounts of adenine and 
thymine in DNA were roughly the same, as were the amounts of cytosine and guanine. This later became known as 
the first of Chargaff s rules. 

Honors awarded to him include the Pasteur Medal (1949) and the National Medal of Science (1974). 

Chargaff s rules 

Erwin Chargaff proposed two main rules in his lifetime which were appropriately named Chargaff s rules. The first 
and best known achievement was to show that in natural DNA the number of guanine units equals the number of 
cytosine units and the number of adenine units equals the number of thymine units. In human DNA, for example, the 
four bases are present in these percentages: A=30.9% and T=29.4%; G=19.9% and C=19.8%. This strongly hinted 
towards the base pair makeup of the DNA, although Chargaff was not able to make this connection himself. For this 
research, Chargaff is credited with disproving the tetranucleotide hypothesis (Phoebus Levene's widely accepted 
hypothesis that DNA was composed of a large number of repeats of GACT). Most workers had previously assumed 
that deviations from equimolar base ratios (G = A = C = T) were due to experimental error, but Chargaff documented 
that the variation was real, with [C + G] typically being slightly less abundant. He was able to do this with the newly 
developed paper chromatography and ultraviolet spectrophotometer. Chargaff met Francis Crick and James D. 
Watson at Cambridge in 1952, and, despite not getting on well with them personally, explained his findings to them. 
Chargaff s research would later help Watson and Crick to deduce the double helical structure of DNA. 

The second of Chargaff s rules is that the composition of DNA varies from one species to another, in particular in the 
relative amounts of A, G, T, and C bases. Such evidence of molecular diversity, which had been presumed absent 
from DNA, made DNA a more credible candidate for the genetic material than protein. 

Besides making these important steps toward the structure of DNA, Chargaff s lab also conducted research on the 
metabolism of amino acids and inositol, blood coagulation, lipids and lipoproteins, and the biosynthesis of 
phosphotransferases . 

Later life 

Beginning in the 1950s, Chargaff became increasingly outspoken about the failure of the field of molecular biology, 
claiming that molecular biology was "running riot and doing things that can never be justified." He believed that 
human knowledge will always be limited in relation to the complexity of the natural world, and that it is simply 
dangerous when humans believe that the world is a machine, even assuming that humans can have full knowledge of 
its workings. He also believed that in a world that functions as a complex system of interdependency and 
interconnectedness, genetic engineering of life will inevitably have unforeseen consequences. Chargaff warned that 
"the technology of genetic engineering poses a greater threat to the world than the advent of nuclear technology. An 
irreversible attack on the biosphere is something so unheard of, so unthinkable to previous generations, that I only 
wish that mine had not been guilty of it." 

After Francis Crick, James Watson and Maurice Wilkins received the 1962 Nobel Prize for their work on 
discovering the double helix of DNA, Chargaff withdrew from his lab and wrote to scientists all over the world 
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about his exclusion. Chargaff was a notable exclusion, along with the deceased Rosalind Franklin, from the 
1962 Nobel Prize for DNA discovery. Along with Chargaff, 23 other scientists contributed significantly to the 
double helix elucidation and were not rewarded with the Nobel for their work towards the double helix. [1] Thus, only 
the people at 'the top of the pyramid' were rewarded for their genius, but all of those who provided supporting 
material are well recognised by their peers, if not the public or the media. 

Books authored 

Chargaff wrote 450 papers and 15 books on diverse topics during his retirement years. ^ 

• Erwin Chargaff, Heraclitean Fire: Sketches from a Life Before Nature (1978). Rockefeller University Press: 
ISBN 0-87470-029-9; 252 p. 

• Serious Questions, An ABC of Sceptical Reflections. Boston, Basel, Stuttgart: Birkhauser, 1986 

See also 

• Nobel Prize controversies 
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Raymond Gosling 



Raymond Gosling (born 1926) is a distinguished scientist who worked 
with both Maurice Wilkins and Rosalind Franklin at King's College 
London in deducing the structure of DNA, under the direction of Sir 
John Randall. His other KCL colleagues included Alex Stokes and 
Herbert Wilson. 

Early years 

He was born in 1926 and attended school in Wembley. He studied 
physics at University College London from 1944 to 1947 and became a 
hospital physicist at the King's Fund and Middlesex Hospital between 
1947 and 1949 before joining King's College London as a research 
student. ^ 
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Work at King's and DNA 

At King's College London, Gosling worked on X-ray diffraction with Maurice Wilkins, analyzing samples of DNA 
which they prepared by hydrating and drawing out into thin filaments and photographing in a hydrogen atmosphere. 

Gosling was then assigned to Rosalind Franklin when she joined King's College London in 1951. Together they 
produced the first X-ray diffraction photographs of the "form B" paracrystalline arrays of highly hydrated DNA. She 
was his academic supervisor. During the next two years, the pair worked closely together to perfect the technique of 
x-ray diffraction photography of DNA and obtained at the time the sharpest diffraction images of DNA. This work 
led directly to the 1962 Nobel Prize for Physiology or Medicine being awarded to Francis Crick, James D. Watson 
and Maurice Wilkins. Gosling was the co-author with Franklin of one of the three papers published in "Nature" in 
April 1953. [2] 

Gosling briefly remained at King's College London following the completion of his thesis in 1954 before lecturing in 
physics at Queen's College, University of St Andrews, and at the University of the West Indies. ^ 



Work at Guy's Hospital 

He returned to the UK in 1967 and became Lecturer and Reader at Guy's Hospital Medical School, and Professor 
and Emeritus Professor in Physics Applied to Medicine from 1984. Here he helped develop the underlying basic 
medical science and technology for haemodynamic doppler ultrasound vascular assessment in the Non Invasive 
Angiology Group, and set up the clinical Ultrasonic Angiology Unit. [3] [4] [5] [6] 

Gosling has served on numerous committees of the University of London, notably relating to radiological science, 
and still retains an active professional involvement in medical physics. 



See also 

• 'Death' of D.N. A. Helix (Crystaline) joke funeral card 
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• Raymond Gosling in The King's story 
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• Images of Doppler-shifted ultrasound units 1974-1981 jointly developed by Dr. B.A.Coghlan and Prof. 
R.G.Gosling's Blood Flow Group at the Physics Dept., Guy's Hospital Medical School, London. These early 
devices were used for haemodynamic assessment of normal volunteers and assessment of patients with peripheral 
vascular disease. 
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Francis Harry Compton Crick OM FRS (8 June 1916 - 28 July 2004), was a British molecular biologist, 
physicist, and neuroscientist, and most noted for being one of two co-discoverers of the structure of the DNA 
molecule in 1953, together with James D. Watson. He, James D. Watson and Maurice Wilkins were jointly awarded 
the 1962 Nobel Prize for Physiology or Medicine "for their discoveries concerning the molecular structure of nucleic 
acids and its significance for information transfer in living material" 

Crick is widely known for use of the term "central dogma" to summarise an idea that genetic information flow in 
cells is essentially one-way, from DNA to RNA to protein. Crick was an important theoretical molecular biologist 
and played a crucial role in research related to revealing the genetic code. 

During the remainder of his career, he held the post of J.W. Kieckhefer Distinguished Research Professor at the Salk 
Institute for Biological Studies in La Jolla, California. His later research centered on theoretical neurobiology and 

attempts to advance the scientific study of human consciousness. He remained in this post until his death; "he was 

r3i 

editing a manuscript on his death bed, a scientist until the bitter end" said Christof Koclr . 
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Family and Education 

Francis Crick, the first son of Harry Crick (1887-1948) and Annie Elizabeth Crick, nee Wilkins, (1879-1955). He 
was born and raised in Weston Favell, then a small village near the English town of Northampton in which Crick's 
father and uncle ran the family's boot and shoe factory. His grandfather, Walter Drawbridge Crick (1857-1903), an 
amateur naturalist, wrote a survey of local foraminifera (single-celled protists with shells), corresponded with 
Charles Darwin [4] , and had two gastropods (snails or slugs) named after him. 

At an early age, Francis was attracted to science and what he could learn about it from books. As a child, he was 
taken to church by his parents, but by about age 12 he told his mother that he no longer wanted to attend, preferring a 
scientific search for answers over religious belief. [5] He was educated at Northampton Grammar School and, after the 
age of 14, Mill Hill School in London (on scholarship), where he studied mathematics, physics, and chemistry with 
his best friend John Shilston. At the age of 21, Crick earned a B.Sc. degree in physics from University College of 
London (UCL) [6] after he had failed to gain his intended place at a Cambridge college, probably through failing their 
requirement for Latin; his contemporaries in British DNA research Rosalind Franklin and Maurice Wilkins both 
went up to Cambridge colleges, to Newnham and St. John's respectively. Crick later became a PhD student and 
Honorary Fellow of Caius College and mainly worked at the Cavendish Laboratory and the Medical Research 
Council (MRC) Laboratory of Molecular Biology in Cambridge. He was also an Honorary Fellow of Churchill 
College and of University College London. 

Crick began a Ph.D. research project on measuring viscosity of water at high temperatures (what he later described 

f71 

as "the dullest problem imaginable" ) in the laboratory of physicist Edward Neville da Costa Andrade, but with the 
outbreak of World War II (in particular, an incident during the Battle of Britain when a bomb fell through the roof of 
the laboratory and destroyed his experimental apparatus), Crick was deflected from a possible career in physics. 

During World War II, he worked for the Admiralty Research Laboratory, from which emerged a group of many 
notable scientists, including David Bates, Robert Boyd, George Deacon, John Gunn, Harrie Massey and Nevill Mott; 
he worked on the design of magnetic and acoustic mines and was instrumental in designing a new mine that was 

roi 

effective against German minesweepers. 

After World War II, in 1947, Crick began studying biology and became part of an important migration of physical 
scientists into biology research. This migration was made possible by the newly won influence of physicists such as 
Sir John Randall, who had helped win the war with inventions such as radar. Crick had to adjust from the "elegance 
and deep simplicity" of physics to the "elaborate chemical mechanisms that natural selection had evolved over 
billions of years." He described this transition as, "almost as if one had to be born again." According to Crick, the 
experience of learning physics had taught him something important — hubris — and the conviction that since physics 
was already a success, great advances should also be possible in other sciences such as biology. Crick felt that this 
attitude encouraged him to be more daring than typical biologists who tended to concern themselves with the 
daunting problems of biology and not the past successes of physics. 

For the better part of two years, Crick worked on the physical properties of cytoplasm at Cambridge's Strangeways 
Laboratory, headed by Honor Bridget Fell, with a Medical Research Council studentship, until he joined Max Perutz 
and John Kendrew at the Cavendish Laboratory. The Cavendish Laboratory at Cambridge was under the general 
direction of Sir Lawrence Bragg, who won the Nobel Prize in 1915 at the age of 25. Bragg was influential in the 
effort to beat a leading American chemist, Linus Pauling, to the discovery of DNA's structure (after having been 
'pipped-at-the-post' by Pauling's success in determining the alpha helix structure of proteins). At the same time 
Bragg's Cavendish Laboratory was also effectively competing with King's College London, whose Biophysics 
department was under the direction of Sir John Randall. (Randall had turned down Francis Crick from working at 
King's College.) Francis Crick and Maurice Wilkins of King's College were personal friends, which influenced 
subsequent scientific events as much as the close friendship between Crick and James Watson. Crick and Wilkins 
first met at King's College and not, as erroneously recorded by two authors, at the Admiralty during World War II. 
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He married twice, was father to three children and grandfather to six grandchildren; his brother Anthony (born in 
1918) predeceased him in 1966: 

• Spouses: Ruth Doreen Crick, nee Dodd (b. 1913, m. 18 February 1940 - 8 May 1947); Odile Crick, nee Speed (b. 
1 1 August 1920, m. 14 August 1949 - 28 July 2004, d. 5 July 2007) 

• Children: Michael Francis Compton (b. 25 November 1940) [by Doreen Crick]; Gabrielle Anne (b. 15 July 1951) 
and Jacqueline Marie-Therese [later Nichols] (b. 12 March 1954) [by Odile Crick]; 

• Grandchildren: Alex (b. March 1974), Kindra (b. May 1976), Camberley (b. June 1978), and Francis (b. February 
1981), Michael & Barbara Crick's children; Mark & Nicholas, Jacqueline and Christopher Nichols' stepchildren. 

Crick died of colon cancer on 28 July 2004 at the University of California San Diego (UCSD) Thornton Hospital in 
La Jolla]; he was cremated and his ashes were scattered into the Pacific Ocean. A public memorial was held on 27th 
of September 2004 at The Salk Institute, La Jolla, near San Diego, California; guest speakers included James D. 
Watson, Sydney Brenner, Alex Rich, the late Seymour Benzer, Aaron Klug, Christof Koch, Pat Churchland, 
Vilayanur Ramachandran, Tomaso Poggio, the late Leslie Orgel, Terry Sejnowski, his son Michael Crick, and his 
youngest daughter Jacqueline Nichols.'- 10 -' A more private memorial for his family and colleagues was also held on 
3rd of August 2004. 

Biology research 
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Crick was interested in two fundamental unsolved problems of biology. First, how molecules make the transition 
from the non-living to the living, and second, how the brain makes a conscious mind.' 11 ^ He realized that his 

background made him more qualified for research on the first topic and the field of biophysics. It was at this time of 

> n 21 

Crick s transition from physics into biology that he was influenced by both Linus Pauling and Erwin Schrodinger. 

It was clear in theory that covalent bonds in biological molecules could provide the structural stability needed to hold 

genetic information in cells. It only remained as an exercise of experimental biology to discover exactly which 

molecule was the genetic molecule.' 13 ^ ' 14 -' In Crick's view, Charles Darwin's theory of evolution by natural 

selection, Gregor Mendel's genetics and knowledge of the molecular basis of genetics, when combined, revealed the 

secret of life.' 15 ^ 
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It was clear that some macromolecule such as protein was likely to be the genetic molecule. [16] However, it was 
well-known that proteins are structural and functional macromolecules, some of which carry out enzymatic reactions 
of cells. [16] In the 1940s, some evidence had been found pointing to another macromolecule, DNA, the other major 
component of chromosomes, as a candidate genetic molecule. In the 1944 Avery-MacLeod-McCarty experiment, 
Oswald Avery and his collaborators showed that a heritable phenotypic difference could be caused in bacteria by 

ri4i 

providing them with a particular DNA molecule. 

However, other evidence was interpreted as suggesting that DNA was 

structurally uninteresting and possibly just a molecular scaffold for the 
\ # 1 171 

, apparently more interesting protein molecules. Crick was in the 

« * 

right place, in the right frame of mind, at the right time (1949), to join 
• Max Perutz's project at Cambridge University, and he began to work 

, m on the X-ray crystallography of proteins. ^ 18 ^ X-ray crystallography 

theoretically offered the opportunity to reveal the molecular structure 
of large molecules like proteins and DNA, but there were serious 

* • * 

technical problems then preventing X-ray crystallography from being 



An X-ray diffraction image for the protein 
myoglobin. At the time when Crick participated 
in the discovery of the DNA Double Helix, he 
was doing his thesis research on X-ray diffraction 
analysis of protein structure (see below). 



applicable to such large molecules. 



1949-1950 



[18] 



Crick taught himself the mathematical theory of X-ray 
crystallography. During the period of Crick's study of X-ray 
diffraction, researchers in the Cambridge lab were attempting to 
determine the most stable helical conformation of amino acid chains in proteins (the a helix). Linus Pauling was the 
first to identify^ 20 ^ the 3.6 amino acids per helix turn ratio of the a helix. Crick was witness to the kinds of errors that 

his co-workers made in their failed attempts to make a correct molecular model of the a helix; these turned out to be 

T211 

important lessons that could be applied, in the future, to the helical structure of DNA. For example, he learned the 
importance of the structural rigidity that double bonds confer on molecular structures which is relevant both to 
peptide bonds in proteins and the structure of nucleotides in DNA. 
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1951-1953: DNA structure 

In 1951, together with William Gemmell Cochran and V. Vand, Crick 

assisted in the development of a mathematical theory of X-ray diffraction by a 

[221 

helical molecule. This theoretical result matched well with X-ray data 
obtained for proteins that contain sequences of amino acids in the Alpha helix 
conformation (published in Nature in 1952). Helical diffraction theory 
turned out to also be useful for understanding the structure of DNA. 

Late in 1951, Crick started working with Tevin D. Edwards at Cavendish 
Laboratory at the University of Cambridge, England. Using "Photo 51" (the 
X-ray diffraction results of Raymond Gosling and Rosalind Franklin of 
King's College London, given to them by Gosling and Franklin's colleague 
Maurice Wilkins), Watson and Crick together developed a model for a helical 
structure of DNA, which they published in 1953 J 24 ^ For this and subsequent 
work they were jointly awarded the Nobel Prize in Physiology or Medicine in 
1962 with Maurice Wilkins. [25] 




Francis Crick's first sketch of the 
deoxyribonucleic acid double-helix 
pattern 



When James Watson came to Cambridge, Crick was a 35-year-old 
post-graduate student (due to his work during WWII) and Watson was only 
23, but he already had a Ph.D. They shared an interest in the fundamental 

problem of learning how genetic information might be stored in molecular formJ 26 ^ ^ 27 ^ Watson and Crick talked 

ri3i 

endlessly about DNA and the idea that it might be possible to guess a good molecular model of its structure. A 
key piece of experimentally-derived information came from X-ray diffraction images that had been obtained by 
Maurice Wilkins, Rosalind Franklin, and their research student, Raymond Gosling. In November 1951, Wilkins 
came to Cambridge and shared his data with Watson and Crick. Alexander Stokes (another expert in helical 
diffraction theory) and Wilkins (both at King's College) had reached the conclusion that X-ray diffraction data for 
DNA indicated that the molecule had a helical structure — but Franklin vehemently disputed this conclusion. 
Stimulated by their discussions with Wilkins and what Watson learned by attending a talk given by Franklin about 
her work on DNA, Crick and Watson produced and showed off an erroneous first model of DNA. Their hurry to 
produce a model of DNA structure was driven in part by Watson's belief that they were competing against Linus 
Pauling. Given Pauling's recent success in discovering the Alpha helix, it was not unreasonable to worry that Pauling 
might also be the first to determine the structure of DNA. 
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Many have speculated about what might have happened had Pauling been able to travel to Britain as planned in May 
1952^ 29 ^ He might have been invited to see some of the Wilkins/Franklin X-ray diffraction data, and such an event 
might have led him to a double helix model (which remains — as said above — total speculation). As it was, his 
political activities caused his travel to be restricted by the U. S. government and he did not visit the UK until later, at 
which point he met none of the DNA researchers in England — but at any rate he was preoccupied with proteins at 
the time, not DNA.^ ' 3( ^ Watson and Crick were not officially working on DNA. Crick was writing his Ph.D. 
thesis; Watson also had other work such as trying to obtain crystals of myoglobin for X-ray diffraction experiments. 
In 1952, Watson did X-ray diffraction on tobacco mosaic virus and found results indicating that it had helical 
structure. Having failed once, Watson and Crick were now somewhat reluctant to try again and for a while they were 
forbidden to make further efforts to find a molecular model of DNA. 
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Of great importance to the model building effort of Watson and Crick 
was Rosalind Franklin's understanding of basic chemistry, which 
indicated that the hydrophilic phosphate-containing backbones of the 
nucleotide chains of DNA should be positioned so as to interact with 
water molecules on the outside of the molecule while the hydrophobic 
bases should be packed into the core. Franklin shared this chemical 
knowledge with Watson and Crick when she pointed out to them that 
their first model (from 1951, with the phosphates inside) was obviously 
wrong. 

Crick described what he saw as the failure of Maurice Wilkins and 
Rosalind Franklin to cooperate and work towards finding a molecular 
model of DNA as a major reason why he and Watson eventually made 
a second attempt to do so. They asked for, and received, permission to 
do so from both William Lawrence Bragg and Wilkins. In order to 
construct their model of DNA, Watson and Crick made use of 
information from unpublished X-ray diffraction images of Franklin's 
(shown at meetings and freely shared by Wilkins), including 
preliminary accounts of Franklin's results/photographs of the X-ray 
images that were included in a written progress report for the King's 
College laboratory of Sir John Randall from late 1952. 

It is a matter of debate whether Watson and Crick should have had 
access to Franklin's results without her knowledge or permission, and 
before she had a chance to formally publish the results of her detailed analysis of her X-ray diffraction data which 
were included in the progress report. However, Watson and Crick found fault in her steadfast assertion that, 
according to her data, a helical structure was not the only possible shape for DNA — so they had a dilemma. In an 
effort to clarify this issue, Max Ferdinand Perutz later published what had been in the progress report, and 
suggested that nothing was in the report that Franklin herself had not said in her talk (attended by Watson) in late 
1951. Further, Perutz explained that the report was to a Medical Research Council (MRC) committee that had been 
created in order to "establish contact between the different groups of people working for the Council". Randall's and 
Perutz's laboratories were both funded by the MRC. 

It is also not clear how important Franklin's unpublished results from the progress report actually were for the 
model-building done by Watson and Crick. After the first crude X-ray diffraction images of DNA were collected in 
the 1930s, William Astbury had talked about stacks of nucleotides spaced at 3.4 angstrom (0.34 nanometre) intervals 
in DNA. A citation to Astbury's earlier X-ray diffraction work was one of only eight references in Franklin's first 
paper on DNA. Analysis of Astbury's published DNA results and the better X-ray diffraction images collected by 
Wilkins and Franklin revealed the helical nature of DNA. It was possible to predict the number of bases stacked 
within a single turn of the DNA helix (10 per turn; a full turn of the helix is 27 angstroms [2.7 nm] in the compact A 
form, 34 angstroms [3.4 nm] in the wetter B form). Wilkins shared this information about the B form of DNA with 
Crick and Watson. Crick did not see Franklin's B form X-ray images (Photo 51) until after the DNA double helix 
model was published. 

One of the few references cited by Watson and Crick when they published their model of DNA, was to a published 
article that included Sven Furberg's DNA model that had the bases on the inside. Thus, the Watson and Crick model 
was not the first "bases in" model to be published. Furberg's results had also provided the correct orientation of the 
DNA sugars with respect to the bases. During their model building, Crick and Watson learned that an anti-parallel 
orientation of the two nucleotide chain backbones worked best to orient the base pairs in the centre of a double helix. 
Crick's access to Franklin's progress report of late 1952 is what made Crick confident that DNA was a double helix 
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of DNA. Watson and Crick first made helical 
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with anti-parallel chains, but there were other chains of reasoning and sources of information that also led to these 
conclusions.^ 

As a result of leaving King's College for another institution, Franklin was asked by John Randall to give up her work 
on DNA. When it became clear to Wilkins and the supervisors of Watson and Crick that Franklin was going to the 
new job, and that Linus Pauling was working on the structure of DNA, they were willing to share Franklin's data 
with Watson and Crick, in the hope that they could find a good model of DNA before Pauling was able. Franklin's 
X-ray diffraction data for DNA and her systematic analysis of DNA's structural features was useful to Watson and 
Crick in guiding them towards a correct molecular model. The key problem for Watson and Crick, which could not 
be resolved by the data from King's College, was to guess how the nucleotide bases pack into the core of the DNA 
double helix. 

Another key to finding the correct structure of DNA was the so-called 
Chargaff ratios, experimentally determined ratios of the nucleotide 
subunits of DNA: the amount of guanine is equal to cytosine and the 
amount of adenine is equal to thymine. A visit by Erwin Chargaff to 
England in 1952 reinforced the salience of this important fact for 
Watson and Crick. The significance of these ratios for the structure of 
DNA were not recognized until Watson, persisting in building 
structural models, realized that A:T and C:G pairs are structurally 
similar. In particular, the length of each base pair is the same. The base 
pairs are held together by hydrogen bonds, the same non-covalent 
interaction that stabilizes the protein a-helix. Watson's recognition of 

the A:T and C:G pairs was aided by information from Jerry Donohue 

[35] 

about the most likely structures of the nucleobases. After the 
discovery of the hydrogen bonded A:T and C:G pairs, Watson and 
Crick soon had their double helix model of DNA with the hydrogen 
bonds at the core of the helix providing a way to "unzip" the two 
complementary strands for easy replication: the last key requirement 
for a likely model of the genetic molecule. As important as Crick's 
contributions to the discovery of the double helical DNA model were, 
he stated that without the chance to collaborate with Watson, he would not have found the structure by himself. LJOJ 

Crick did tentatively attempt to perform some experiments on nucleotide base pairing, but he was more of a 
theoretical than an experimental biologist. There was another near-discovery of the base pairing rules in early 1952. 
Crick had started to think about interactions between the bases. He asked John Griffith to try to calculate attractive 
interactions between the DNA bases from chemical principles and quantum mechanics. Griffith's best guess was that 
A:T and G:C were attractive pairs. At that time, Crick was not aware of Chargaff s rules and he made little of 
Griffith's calculations, although it did start him thinking about complementary replication. Identification of the 
correct base-pairing rules (A-T, G-C) was achieved by Watson "playing" with cardboard cut-out models of the 
nucleotide bases, much in the manner that Linus Pauling had discovered the protein alpha helix a few years earlier. 
The Watson and Crick discovery of the DNA double helix structure was made possible by their willingness to 
combine theory, modeling and experimental results (albeit mostly done by others) to achieve their goal . 

The discovery was made on February 28, 1953; the first Watson/Crick paper appeared in Nature on April 25, 1953. 
Sir Lawrence Bragg, the director of the Cavendish Laboratory, where Watson and Crick worked, gave a talk at Guys 
Hospital Medical School in London on Thursday, May 14, 1953 which resulted in an article by Ritchie Calder in The 
News Chronicle of London, on Friday, May 15, 1953, entitled "Why You Are You. Nearer Secret of Life." The news 
reached readers of The New York Times the next day; Victor K. McElheny, in researching his biography, "Watson 
and DNA: Making a Scientific Revolution", found a clipping of a six-paragraph New York Times article written 
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Diagrammatic representation of some key 
structural features of DNA. The similar structures 
of guanine:cytosine and adenine:thymine base 
pairs is illustrated. The base pairs are held 
together by hydrogen bonds. The phosphate 
backbones are anti-parallel. 
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from London and dated May 16, 1953 with the headline "Form of "Life Unit' in Cell Is Scanned." The article ran in 
an early edition and was then pulled to make space for news deemed more important. (The New York Times 
subsequently ran a longer article on June 12, 1953). The Cambridge University undergraduate newspaper Varsity 
also ran its own short article on the discovery on Saturday, May 30, 1953. Bragg's original announcement of the 
discovery at a Solvay conference on proteins in Belgium on 8 April 1953 went unreported by the British press! 



Molecular biology 

In 1954, at the age of 37, Crick completed his Ph.D. thesis: "X-Ray 
Diffraction: Polypeptides and Proteins" and received his degree. Crick 
then worked in the laboratory of David Harker at Brooklyn Polytechnic 
Institute, where he continued to develop his skills in the analysis of 
X-ray diffraction data for proteins, working primarily on ribonuclease 
and the mechanisms of protein synthesis. David Harker, the American 
X-ray crystallographer, was described as "the John Wayne of 
crystallography" by Vittorio Luzzati, a crystallographer at the Centre 
for Molecular Genetics in Gif-sur-Yvette near Paris, who had worked 
with Rosalind Franklin. 

After the discovery of the double helix model of DNA, Crick's interests 
quickly turned to the biological implications of the structure. In 1953, 
Watson and Crick published another article in Nature which stated: "it 
therefore seems likely that the precise sequence of the bases is the code 



that carries the genetical information". 



[38] 




Crick and Watson DNA model built in 1953, was 
[37] 

reconstructed largely from its original pieces 
in 1973 and donated to the National Science 
Museum in London. 
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In 1956, Crick and Watson speculated on the structure of small viruses. They suggested that 
spherical viruses such as Tomato bushy stunt virus had icosahedral symmetry and were made 
from 60 identical subunitsJ 39 ^ 

After his short time in New York, Crick returned to Cambridge where he worked until 1976, at 
which time he moved to California. Crick engaged in several X-ray diffraction collaborations 
such as one with Alexander Rich on the structure of collagen. ^ However, Crick was quickly 
drifting away from continued work related to his expertise in the interpretation of X-ray 
diffraction patterns of proteins. 

George Gamow established a group of scientists interested in the role of RNA as an 
intermediary between DNA as the genetic storage molecule in the nucleus of cells and the 
synthesis of proteins in the cytoplasm. It was clear to Crick that there had to be a code by 
which a short sequence of nucleotides would specify a particular amino acid in a newly 
synthesized protein. In 1956, Crick wrote an informal paper about the genetic coding problem 
for the small group of scientists in Gamow's RNA group. ^ In this article, Crick reviewed the 
evidence supporting the idea that there was a common set of about 20 amino acids used to 
synthesize proteins. Crick proposed that there was a corresponding set of small "adaptor 
molecules" that would hydrogen bond to short sequences of a nucleic acid, and also link to one 
of the amino acids. He also explored the many theoretical possibilities by which short nucleic 
acid sequences might code for the 20 amino acids. 



Collagen triple 
helix. 



During the mid-to-late 1950s Crick was very much intellectually 
engaged in sorting out the mystery of how proteins are synthesized. By 
1958, Crick's thinking had matured and he could list in an orderly way 
all of the key features of the protein synthesis process:' 42 ' 

• genetic information stored in the sequence of DNA molecules 

• a "messenger" RNA molecule to carry the instructions for making 
one protein to the cytoplasm 

• adaptor molecules ("they might contain nucleotides") to match short 
sequences of nucleotides in the RNA messenger molecules to 
specific amino acids 

• ribonucleic-protein complexes that catalyse the assembly of amino 
acids into proteins according to the messenger RNA 

The adaptor molecules were eventually shown to be tRNAs and the 
catalytic "ribonucleic-protein complexes" became known as ribosomes. 
An important step was later realization (in 1960) that the messenger 

RNA was not the same as the ribosomal RNA. None of this, however, answered the fundamental theoretical question 
of the exact nature of the genetic code. In his 1958 article, Crick speculated, as had others, that a triplet of 
nucleotides could code for an amino acid. Such a code might be "degenerate", with 4x4x4=64 possible triplets of the 
four nucleotide subunits while there were only 20 amino acids. Some amino acids might have multiple triplet codes. 




Molecular model of a tRNA molecule. Crick 
predicted that such adaptor molecules might exist 
as the links between codons and amino acids. 
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Crick also explored other codes in which, for various reasons, only some of the triplets were used, "magically" 
producing just the 20 needed combinations. Experimental results were needed; theory alone could not decide the 
nature of the code. Crick also used the term "central dogma" to summarize an idea that implies that genetic 
information flow between macromolecules would be essentially one-way: 

DNA — RNA — Protein 

Some critics thought that by using the word "dogma", Crick was implying that this was a rule that could not be 
questioned, but all he really meant was that it was a compelling idea without much solid evidence to support it. In his 
thinking about the biological processes linking DNA genes to proteins, Crick made explicit the distinction between 
the materials involved, the energy required, and the information flow. Crick was focused on this third component 
(information) and it became the organizing principle of what became known as molecular biology. Crick had by this 
time become a highly influential theoretical molecular biologist. 

Proof that the genetic code is a degenerate triplet code finally came from genetics experiments, some of which were 
performed by Crick. [43] The details of the code came mostly from work by Marshall Nirenberg and others who 
synthesized synthetic RNA molecules and used them as templates for in vitro protein synthesis. [44] 



Controversy about using King's College London's results 

An enduring controversy has been generated by Watson and Crick's use of DNA X-ray diffraction data collected by 
Rosalind Franklin and her student Raymond Gosling. The controversy arose from the fact that some of the data were 
shown to them, without her knowledge, by Maurice Wilkins and Max Perutz. [45] Her experimental results provided 
estimates of the water content of DNA crystals, and these results were most consistent with the three 
sugar-phosphate backbones being on the outside of the moleculeJ 46 ^ Franklin personally told Crick and Watson that 
the backbones had to be on the outside, whilst vehemently stating that her data did not force one to conclude that 
DNA has a helical structure. Her identification of the space group for DNA crystals revealed to Crick that the DNA 
strands were antiparallel, which helped Watson and Crick decide to look for DNA models with two antiparallel 
polynucleotide strands. The X-ray diffraction images collected by Franklin provided the best evidence for the helical 
nature of DNA — but she failed to recognise this fact. However Franklin's experimental work proved important in 
Crick and Watson's development of the correct model. 

Prior to publication of the double helix structure, Watson and Crick had little interaction with Franklin. Crick and 
Watson felt that they had benefited from collaborating with Maurice Wilkins. They offered him a co-authorship on 
the article that first described the double helix structure of DNA. Wilkins turned down the offer, and was in part 
responsible for the terse character of the acknowledgment of experimental work done at King's College London. 
Rather than make any of the DNA researchers at King's College co-authors on the Watson and Crick double helix 
article, the solution was to publish two additional papers from King's College along with the helix paper. Brenda 
Maddox suggested that because of the importance of her experimental results in Watson and Crick's model building 
and theoretical analysis, Franklin should have had her name on the original Watson and Crick paper in Nature}- 47 ^ 
Franklin and Gosling submitted their own joint 'second' paper to Nature at the same time as Wilkins, Stokes, and 
Wilson submitted theirs (i.e. the 'third' paper on DNA). 
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Views on religion 

Crick once joked, "Christianity may be OK between consenting adults in private but should not be taught to young 
children. " [48] 

In his book Of Molecules and Men, Crick expressed his views on the relationship between science and religion. [49] 
After suggesting that it would become possible for people to wonder if a computer might be programmed so as to 
have a soul, he wondered: at what point during biological evolution did the first organism have a soul? At what 
moment does a baby get a soul? Crick stated his view that the idea of a non-material soul that could enter a body and 
then persist after death is just that, an imagined idea. For Crick, the mind is a product of physical brain activity and 
the brain had evolved by natural means over millions of years. Crick felt that it was important that evolution by 
natural selection be taught in public schools and that it was regrettable that English schools had compulsory religious 
instruction. Crick felt that a new scientific world view was rapidly being established, and predicted that once the 
detailed workings of the brain were eventually revealed, erroneous Christian concepts about the nature of humans 
and the world would no longer be tenable; traditional conceptions of the "soul" would be replaced by a new 
understanding of the physical basis of mind. He was sceptical of organized religion, referring to himself as a sceptic 
and an agnostic with "a strong inclination towards atheism".'- 50 -' 

In 1960, Crick accepted a fellowship at Churchill College Cambridge, one factor being that the new college did not 
have a chapel. Sometime later a large donation was made to establish a chapel and the fellowship elected to accept it. 
Crick resigned his fellowship in protest.' 51] 

In October 1969, Crick participated in a celebration of the 100th year of the journal Nature. Crick attempted to make 
some predictions about what the next 30 years would hold for molecular biology. His speculations were later 
published in Nature. Near the end of the article, Crick briefly mentioned the search for life on other planets, but 
he held little hope that extraterrestrial life would be found by the year 2000. He also discussed what he described as a 
possible new direction for research, what he called "biochemical theology". Crick wrote, "So many people pray that 
one finds it hard to believe that they do not get some satisfaction from it". 

Crick suggested that it might be possible to find chemical changes in the brain that were molecular correlates of the 
act of prayer. He speculated that there might be a detectable change in the level of some neurotransmitter or 
neurohormone when people pray. Crick may have been imagining substances such as dopamine that are released by 
the brain under certain conditions and produce rewarding sensations. Crick's suggestion that there might someday be 
a new science of "biochemical theology" seems to have been realized under an alternative name: there is now the 
new field of neurotheology. Crick's view of the relationship between science and religion continued to play a role 
in his work as he made the transition from molecular biology research into theoretical neuroscience. 

In a book entitled Life Itself: Its Origin and Nature (page 88), Crick wrote: "An honest man, armed with all the 
knowledge available to us now, could only state that in some sense, the origin of life appears at the moment to be 
almost a miracle, so many are the conditions which would have had to have been satisfied to get it going." 



Directed panspermia 

During the 1960s, Crick became concerned with the origins of the genetic code. In 1966, Crick took the place of 
Leslie Orgel at a meeting where Orgel was to talk about the origin of life. Crick speculated about possible stages by 
which an initially simple code with a few amino acid types might have evolved into the more complex code used by 
existing organisms. At that time, everyone thought of proteins as the only kind of enzymes and ribozymes had not 
yet been found. Many molecular biologists were puzzled by the problem of the origin of a protein replicating system 
that is as complex as that which exists in organisms currently inhabiting Earth. In the early 1970s, Crick and Orgel 
further speculated about the possibility that the production of living systems from molecules may have been a very 
rare event in the universe, but once it had developed it could be spread by intelligent life forms using space travel 
technology, a process they called "Directed Panspermia". [55] In a retrospective article, [56] Crick and Orgel noted that 
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they had been overly pessimistic about the chances of abiogenesis on Earth when they had assumed that some kind 
of self-replicating protein system was the molecular origin of life. 

Crick addressed the Origin of Protein Synthesis in a paper with Sydney Brenner, Aaron Klug. In this paper, they 
speculate that code constraints on nucleotide sequences allow protein synthesis without the need for a ribosome. It, 
however, requires a five base binding between the mRNA and tRNA with a flip of the anti-codon creating a triplet 
coding, even though it is a five base physical interaction. Thomas H. Jukes pointed out that the code constraints on 
the mRNA sequence required for this translation mechanism is still preserved. 




Neuroscience, other interests 



Results from an fMRI experiment in which 
people made a conscious decision about a visual 
stimulus. The small region of the brain coloured 
orange shows patterns of activity that correlate 
with the decision making process. Crick stressed 
the importance of finding new methods to probe 
human brain function. 



Crick's period at Cambridge was the pinnacle of his long scientific 
career, but he left Cambridge in 1977 after 30 years, having been 
offered (and having refused) the Mastership of Gonville & Caius. 
James Watson claimed at a Cambridge conference marking the 50th 
anniversary of the discovery of the structure of DNA in 2003: "Now 
perhaps it's a pretty well kept secret that one of the most uninspiring 
acts of Cambridge University over this past century was to turn down 
Francis Crick when he applied to be the Professor of Genetics, in 1958. 
Now there may have been a series of arguments, which lead them to 
reject Francis. It was really saying, don't push us to the frontier." The 
apparently "pretty well kept secret" had already been recorded in 
Soraya De Chadarevian's "Designs For Life: Molecular Biology After 
World War II", published by CUP in 2002. His major contribution to 
molecular biology in Cambridge is well documented in The History of 

the University of Cambridge: Volume 4 (1870 to 1990), which was published by Cambridge University Press in 
1992. 

According to the University of Cambridge's genetics department official website , the electors of the 
professorship could not reach consensus, prompting the intervention of then University Vice-Chancellor Lord 
Adrian. Lord Adrian first offered the professorship to a compromise candidate, Guido Pontecorvo, who refused, and 
is said to have offered it then to Crick, who also refused. 

In 1976, Crick took a sabbatical year at the Salk Institute for Biological Studies in La Jolla, California. Crick had 
been a nonresident fellow of the Institute since 1960. Crick wrote, "I felt at home in Southern California."^ 5 ' After 
the sabbatical, Crick left Cambridge in order to continue working at the Salk Institute. He was also a professor at the 
University of California, San Diego. He taught himself neuroanatomy and studied many other areas of neuroscience 
research. It took him several years to disengage from molecular biology because exciting discoveries continued to be 
made, including the discovery of alternative splicing and the discovery of restriction enzymes, which helped make 
possible genetic engineering. Eventually, in the 1980s, Crick was able to devote his full attention to his other 
interest, consciousness. His autobiographical book, What Mad Pursuit, includes a description of why he left 
molecular biology and switched to neuroscience. 

Upon taking up work in theoretical neuroscience, Crick was struck by several things: 

• there were many isolated subdisciplines within neuroscience with little contact between them 

• many people who were interested in behaviour treated the brain as a black box 

• consciousness was viewed as a taboo subject by many neurobiologists 

Crick hoped he might aid progress in neuroscience by promoting constructive interactions between specialists from 
the many different subdisciplines concerned with consciousness. He even collaborated with neurophilosophers such 
as Patricia Churchland. In 1983, as a result of their studies of computer models of neural networks, Crick and 
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Mitchison proposed that the function of REM sleep is to remove certain modes of interactions in networks of cells in 
the mammalian cerebral cortex; they called this hypothetical process 'reverse learning' or 'unlearning'. In the final 
phase of his career, Crick established a collaboration with Christof Koch that lead to publication of a series of 
articles on consciousness during the period spanning from 1990 [60] to 2005. Crick made the strategic decision to 
focus his theoretical investigation of consciousness on how the brain generates visual awareness within a few 
hundred milliseconds of viewing a scene. Crick and Koch proposed that consciousness seems so mysterious because 
it involves very short-term memory processes that are as yet poorly understood. Crick also published a book 
describing how neurobiology had reached a mature enough stage so that consciousness could be the subject of a 
unified effort to study it at the molecular, cellular and behavioural levelsJ 61] Crick's book The Astonishing 
Hypothesis made the argument that neuroscience now had the tools required to begin a scientific study of how brains 
produce conscious experiences. Crick was skeptical about the value of computational models of mental function that 
are not based on details about brain structure and function. 



Reactions to Crick and his work 

Crick has widely been described as talkative, brash, and lacking modesty J 62 ^ His personality combined with his 
scientific accomplishments produced many opportunities for Crick to stimulate reactions from others, both inside 
and outside of the scientific world, which was the centre of his intellectual and professional life. [63] Crick spoke 
rapidly, and rather loudly, and had an infectious and reverberating laugh, and a lively sense of humour. One 
colleague from the Salk Institute described him as "a brainstorming intellectual powerhouse with a mischievous 
smile.... Francis was never mean-spirited, just incisive. He detected microscopic flaws in logic. In a room full of 
smart scientists, Francis continually reearned his position as the heavyweight champ. 

Eugenics 

Crick occasionally expressed his views on eugenics, usually in private letters. For example, Crick advocated a form 
of positive eugenics in which wealthy parents would be encouraged to have more children. [65] He once remarked, "In 
the long run, it is unavoidable that society will begin to worry about the character of the next generation... It is not a 
subject at the moment which we can tackle easily because people have so many religious beliefs and until we have a 
more uniform view of ourselves I think it would be risky to try and do anything in the way of eugenics... I would be 
astonished if, in the next 100 or 200 years, society did not come round to the view that they would have to try to 
improve the next generation in some extent or one way or another." 

Creationism 

It has been suggested by some observers that Crick's speculation about panspermia "fits neatly into the intelligent 
design concept."^ Crick's name was raised in this context in the Kitzmiller v. Dover Area School District trial over 
the teaching of intelligent design. Crick was, however, a firm critic of Young earth creationism. In the 1987 United 
States Supreme Court case Edwards v. Aguillard, Crick joined a group of other Nobel laureates who advised that, 
"'Creation-science' simply has no place in the public-school science classroom." [67] Crick was also an advocate for 
the establishment of Darwin Day as a British national holiday. [68] 
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Recognition 




Stained glass window in the dining hall 
of Caius College, in Cambridge, 
commemorating Francis Crick and 
representing the structure of DNA. 



In addition to his third share of the 1962 Nobel prize for Physiology or 
Medicine, he received many awards and honours, including the Royal and 
Copley medals of the Royal Society (1972 and 1975), and also the Order of 
Merit (on November 27, 1991); he refused an offer of a CBE in 1963 and 
later refused an offer of a knighthood, but was often referred to in error as 'Sir 
Francis Crick' and even on occasions as 'Lord Crick'; Richard Lewontin's 
review of The Double Helix by James Watson in "The Chicago Sunday 
Times" on February 25, 1968 contained an astonishing four references to "Sir 
Francis Crick" - in error. This mistake is being repeated to the present day. 

On Saturday, October 20, 1962 the award of Nobel prizes to John Kendrew 
and Max Perutz, and to Crick, Watson, and Wilkins was satirised in a short 
sketch in the BBC TV programme That Was The Week That Was with the 
Nobel Prizes being referred to as 'The Alfred Nobel Peace Pools.' 

The Francis Crick Prize Lectures at The Royal Society, London 

The Francis Crick Lecture was established in 2003 following an endowment 
by his former colleague, Sydney Brenner, joint winner of the 2002 Nobel 
Prize in Physiology and Medicine/ 69 ^ The lecture is delivered annually in any 
field of biological sciences, with preference given to the areas in which 
Francis Crick himself worked. Importantly, the lectureship is aimed at 
younger scientists, ideally under 40, or whose career progression corresponds 
to this age. 

The Francis Crick Graduate Lectures at the University of Cambridge 

The University of Cambridge Graduate School of Biological, Medical and Veterinary Sciences hosts The Francis 
Crick Graduate Lectures. The first two lectures were by John Gurdon and Tim Hunt.^ '- 71 -' 

"For my generation, Francis Crick was probably the most obviously influential presence. He was often at lunch in 
the canteen of the Laboratory of Molecular Biology where he liked to explain what he was thinking about, and he 
was always careful to make sure that everyone round the table really understood. He was a frequent presence at talks 
in and around Cambridge, where he liked to ask questions. Sometimes, I remember thinking, they seemed slightly 
ignorant questions to which a man of his extraordinary range and ability ought to have known the answers. Only 
slowly did it dawn on me that he only and always asked questions when he was unclear or unsure, a great lesson." 
(Tim Hunt, first Francis Crick Graduate Lecturer: June 2005) 

The wording on the new DNA sculpture (which was donated by James Watson) outside Clare College's Thirkill 
Court, Cambridge, England is 

a) on the base: 

i) "These strands unravel during cell reproduction. Genes are encoded in the sequence of bases." 

ii) "The double helix model was supported by the work of Rosalind Franklin and Maurice Wilkins." 

b) on the helices: 

i) "The structure of DNA was discovered in 1953 by Francis Crick and James Watson while Watson lived here at 
Clare." 

ii) "The molecule of DNA has two helical strands that are linked by base pairs Adenine - Thymine or Guanine - 
Cytosine." 
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The aluminium sculpture stands fifteen feet high. It took a pair of technicians a fortnight to build it. For the artist 
responsible it was an opportunity to create a monument that brings together the themes of science and nature; 
Charles Jencks, Sculptor said "It embraces the trees, you can sit on it and the ground grows up and it twists out of the 
ground. So it's truly interacting with living things like the turf, and that idea was behind it and I think it does 
celebrate life and DNA." Tony Badger, Master of Clare, said: "It is wonderful to have this lasting reminder of his 
achievements while he* was at Clare and the enormous contribution he* and Francis Crick have made to our 
understanding of life on earth." * James D. Watson. 

[72] Westminster City Council unveiled a green plaque to Francis Crick on the front facade of 56 St George's 
Square, Pimlico, London SW1 on the 20 June 2007; Crick lived in the first floor flat, together with Robert Dougall 
of BBC radio and later TV fame, a former Royal Navy associate.; Robert Dougall had replaced Georg Kreisel who 
left the flat in 1946. 

Crick was elected a fellow of CSICOP in 1983 and a Humanist Laureate of the International Academy of Humanism 
in the same year. In 1995, Francis Crick was one of the original endorsers of the Ashley Montagu Resolution to 
petition for an end to the genital mutilation of children. 

Another sculpture entitled Discovery, was installed on Tuesday, 13 December 2005 and a formal ribbon-cutting 
ceremony was held on Thursday, 15 December 2005 at 11.00am in Abington Street, Northampton. According to the 
late Mr Lynn Wilson, chairman of the Wilson Foundation, "The sculpture celebrates the life of a world class scientist 
who must surely be considered the greatest Northamptonian of all time - by discovering DNA he unlocked the whole 
future of genetics and the alphabet of life." 

• Fellow of the Royal Society 

• Fellow International Academy of Humanism 

• Fellow CSICOP 

Books by Francis Crick 

• Of Molecules and Men (Prometheus Books, 2004; original edition 1967) ISBN 1-59102-185-5 

• Life Itself (Simon & Schuster, 1981) ISBN 0-671-25562-2 

• What Mad Pursuit: A Personal View of Scientific Discovery (Basic Books reprint edition, 1990) ISBN 
0-465-09138-5 

• The Astonishing Hypothesis: The Scientific Search For The Soul (Scribner reprint edition, 1995) ISBN 
0-684-80158-2 

• Kreiseliana: about and around Georg Kreisel; ISBN 1-56881-061-X; 495 pages. For pages 25 - 32 "Georg 
Kreisel: a Few Personal Recollections" contributed by Francis Crick. 

Books about Francis Crick and the structure of DNA discovery 

• John Bankston, Francis Crick and James D. Watson; Francis Crick and James Watson: Pioneers in DNA 
Research (Mitchell Lane Publishers, Inc., 2002) ISBN 1-58415-122-6 

• Soraya De Chadarevian; Designs For Life: Molecular Biology After World War II, CUP 2002, 444 pp; ISBN 
0-521-57078-6 

• Edwin Chargaff; Heraclitean Fire, Rockefeller Press, 1978 

• S. Chomet (Ed.), "D.N.A. Genesis of a Discovery", 1994, Newman- Hemisphere Press, London 

• Dickerson, Richard E.; "Present at the Flood: How Structural Molecular Biology Came About", Sinauer, 2005; 
ISBN 0-878-93168-6; 

• Edward Edelson, "Francis Crick And James Watson: And the Building Blocks of Life'" Oxford University Press, 
2000, ISBN 0-19-513971-2. 
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• John Finch; 'A Nobel Fellow On Every Floor', Medical Research Council 2008, 381 pp, ISBN 978-1840469-40-0; 
this book is all about the MRC Laboratory of Molecular Biology, Cambridge. 

• Hager, Thomas; "Force of Nature: The Life of Linus Pauling", Simon & Schuster 1995; ISBN 0-684-80909-5 

• Graeme Hunter; Light Is A Messenger, the life and science of William Lawrence Bragg, ISBN 0-1 9-85292 1-X; 
Oxford University Press, 2004. 

• Horace Freeland Judson, "The Eighth Day of Creation. Makers of the Revolution in Biology"; Penguin Books 
1995, first published by Jonathan Cape, 1977; ISBN 0-14-017800-7. 

• Torsten Krude (Ed.); DNA Changing Science and Society (ISBN 0-521-82378-1) CUP 2003. (The Darwin 
Lectures for 2003, including one by Sir Aaron Klug on Rosalind Franklin's involvement in the determination of 
the structure of DNA). 

• Brenda Maddox Rosalind Franklin: The Dark Lady of DNA, 2002. ISBN 0-00-6552 1 1 -0. 

• Robert Olby; The Path to The Double Helix: Discovery of DNA; first published in October 1974 by MacMillan, 
with foreword by Francis Crick; ISBN 0-486-681 17-3; revised in 1994, with a 9-page postscript. 

• Robert Olby; Oxford National Dictionary article: 'Crick, Francis Harry Compton (1916-2004)', Oxford 
Dictionary of National Biography, Oxford University Press, January 2008; 

• Robert Olby; "Francis Crick: Hunter of Life's Secrets", Cold Spring Harbor Laboratory Press, ISBN 
978-087969798-3, published on 25 August 2009. [73] 

• Matt Ridley; Francis Crick: Discoverer of the Genetic Code (Eminent Lives) first published in June 2006 in the 
USA and then in the UK September 2006, by HarperCollins Publishers; 192 pp, ISBN 0-06-082333-X. 

• Anne Sayre. 1975. Rosalind Franklin and DNA. New York: W.W. Norton and Company. ISBN 0-393-32044-8. 

• James D. Watson; The Double Helix: A Personal Account of the Discovery of the Structure of DNA, Atheneum, 
1980, ISBN 0-689-70602-2 (first published in 1968) is a very readable firsthand account of the research by Crick 
and Watson. The book also formed the basis of the award winning television dramatization Life Story by BBC 
Horizon (also broadcast as Race for the Double Helix). 

• James D. Watson; The Double Helix: A Personal Account of the Discovery of the Structure of DNA; The Norton 
Critical Edition, which was published in 1980, edited by Gunther S. Stent: ISBN 0-393-01245-X. (It does not 
include Erwin Chargaff s critical review unfortunately.) 

• James D. Watson; "Avoid boring people and other lessons from a life in science" New York: Random House. 
ISBN 978-0-375-41284-4, 366pp 

• Maurice Wilkins; The Third Man of the Double Helix: The Autobiography of Maurice Wilkins ISBN 
0-19-860665-6. 

See also 

• Neural correlates of consciousness 

• Molecular structure of Nucleic Acids 

• Crick's wobble hypothesis 

• Crick, Brenner et al. experiment 

• Reverse learning 
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External links 

Crick papers 

• [74] Crick's personal papers at Mandeville Special Collections Library, Geisel Library, University of California, 
San Diego 

• Francis Crick Archive - Papers by Francis Crick are available for study at the Wellcome Library's Archives and 
Manuscripts department. These papers include those dealing with Crick's career after he moved to the Salk 
Institute in San Diego. The Crick papers 

• Comprehensive list of pdf files of Crick's papers from 1950 to 1990 [76] - National Library of Medicine. 

• Francis Crick papers [77] - Nature.com 

• http://www.intuition.org/txt/crick2.htm for Crick's comments on LSD 

• Manuscripts and Correspondence - Mark Bretscher '~ 78 -' Discovery of Crick's original scientific material in 
Cambridge, England. 

• Key Participants: Francis H. C. Crick ' 79 -' - Linus Pauling and the Race for DNA: A Documentary History 



Hear or see Crick 

• An interview with Francis Crick and Christof Koch, 2001 ^ 

• Listen to Francis Crick [81] 

• Presentation speech ^ at the Nobel Prize ceremony in 1962. 

• [83] web of stories video 

• The Quest for Consciousness ^ 84 ^ - The Quest for Consciousness - 65 minute audio program - a conversation on 
Consciousness with neurobiologist Francis Crick of the Salk Institute and neurobiologist Christof Koch from 
Caltech. 

• Listen [85] to Francis Crick and James Watson talking on the BBC in 1962, 1972, and 1974. 

• The Impact of Linus Pauling on Molecular Biology [86] - a 1995 talk delivered by Crick at Oregon State 
University 



About his work 

• [75] The Crick Papers at the Wellcome Trust. 

• "Quiet debut for the double helix" [87] by Professor Robert Olby, Nature 421 (23 January 2003): 402-405. 

• Reading list [88] for discovery of DNA story from the National Centre for Biotechnology Education. 



About his life 

• Salk Institute Press Release '~ 89 -' on the death of Francis Crick. 

• BBC News: Francis Crick dies aged 88 ^ 9( ^ 

• Francis Crick 19 1] (Archived [92] 2009- 10-31)- MSN Encarta 
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Miscellaneous 

National DNA Day, 25 April 2006 Moderated Chat Transcript Archive [93] 
Obituary [94] in "The Times" (London) of Francis Crick, 30 July 2004. 
Independent On Line article [95] about Consciousness, 7 June 2006. 
Francis Crick Obituary ^ The Biochemist 

Obituary: Francis H. C. Crick (1916-2004) [97] by David M. Eagleman, in Vi sion Research 

Obituary: Francis Crick's Legacy for Neuroscience ^ 9 ^ by Ralph M. Siegel and Edward M. Callaway, in PLoS 

Biology 

mm 

100 Scientists and Thinkers: James Watson and Francis Crick from TIME magazine. 

Francis Crick: Nobel Prize 1962, Physiology or Medicine ' 100 ^ 

Associated Press story on the death of Francis Crick ^ 101 ^ 

ri3i 

First press stories on DNA but for the 'second' DNA story in The New York Times, see: http://www.nytimes. 
com/packages/pdf/science/dna-article.pdf - for reproduction of the original text in June 1953. 
'Death' of DNA Helix (Crystalline) joke funeral card. 
Lynne Elkins' article on Franklin ^ 02 \ 

50th anniversary series of articles ' 103 ^ -from The New York Times. 

Quotes '- 104 -' of Robert Olby on exactly who may have discovered the structure of DNA. 

listen to Matt Ridley '- 1 ' 5 -' talking about Francis Crick. 

[106] A celebration of Francis Crick's life in science. 

The People's Archive interview [107] 

[108] Odile Crick's page (with music!) on the Crick family web site. 

[109] Obituary by Peter Lawrence and Mark Bretscher, "Current Biology". 

[110] Article by Mark Steyn from The Atlantic in 2004. 

[Ill] Review of "Francis Crick: Hunter of Life's Secrets" in 'Current Biology'. 
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Maurice Wilkins 



Born 



Died 



Nationality 



Fields 
Known for 



Maurice Wilkins 




Notable awards 



Maurice Wilkins 

15 December 1916 
Pongaroa, Wairarapa, 
New Zealand 



5 October 2004 (aged 87) 
Blackheath, London, 
United Kingdom 

New Zealand 



molecular biologist, 
X-ray diffraction, DNA 



Nobel Prize in Physiology or Medicine (1962) 



Maurice Hugh Frederick Wilkins CBE FRS (15 December 1916 - 5 October 2004) was a New Zealand molecular 
biologist, and Nobel Laureate who contributed research in the fields of phosphorescence, radar, isotope separation, 
and X-ray diffraction. He was most widely known for his work at King's College London on the structure of DNA. 
In recognition of this work, he, Francis Crick and James Watson were awarded the 1962 Nobel Prize for Physiology 
or Medicine, "for their discoveries concerning the molecular structure of nucleic acids and its significance for 
information transfer in living material." 
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Birth and education 




Monument to Maurice Wilkins, Main Street, 
Pongaroa, New Zealand 



Wilkins was born in Pongaroa, north Wairarapa, New Zealand where 
his father, Edgar Henry Wilkins was a medical doctor. His family 
moved to Birmingham, England when he was 6, where he 
subsequently attended Wylde Green College and then King Edward's 
School at the age of 12. He later studied physics at St John's College, 
Cambridge, then in 1940 he received his Ph.D. in physics at the 
University of Birmingham with a dissertation on phosphors. During 
World War II he developed improved radar screens at Birmingham, 
then worked on isotope separation at the Manhattan Project at the 
University of California, Berkeley for two years before returning to 
King's College London. "After the war I wondered what I would do, as 
I was very disgusted with the dropping of two bombs on civilian 



centres in Japan," he told Britain's Encounter radio programme in 1999 
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Academic career 

In 1946 the physicist John Randall was placed in charge of a new biophysics laboratory at King's College. The plan 
was to hire physicists such as Wilkins to work on problems in biology. When Francis Crick first met Wilkins he was 
not convinced that the King's College laboratory had anything like a clear plan of attack. There seemed to be a vague 
hope that by applying techniques like Ultraviolet light microscopy (Wilkins) and electron microscopy (Randall), new 
insights could be gained into cell structure and function. By 1950, Randall was gearing up the laboratory for work on 
proteins. His original plan for Rosalind Franklin was that she do X-ray diffraction studies on proteins. Wilkins' work 
on DNA changed that. By 1951, Randall had established a major effort to solve the structure of collagen and Wilkins 
and Franklin represented a parallel effort to determine the structure of DNA. In the meantime, Maurice Wilkins' 
friend Francis Crick had joined forces with James Watson under the supervision of Max Perutz at the Cavendish 
Laboratory, Cambridge and under the overall direction of Lawrence Bragg. 

DNA 

At King's College Wilkins pursued, among other things x-ray diffraction work on DNA that had been obtained from 
calf thymus by the Swiss scientist Rudolf Signer. The DNA from Signer's lab was much more intact than the DNA 
which had previously been isolated. Wilkins discovered that it was possible to produce thin threads from this 
concentrated DNA solution that contained highly ordered arrays of DNA suitable for the production of x-ray 
diffraction patterns. Using a carefully bundled group of these DNA threads and keeping them hydrated, Wilkins 
and a graduate student Raymond Gosling obtained x-ray photographs of DNA that showed that the long, thin DNA 
molecule in the sample from Signer had a regular, crystal-like structure in these threads. This initial x-ray diffraction 
work at Kings College was done in May or June 1950. It was one of the x-ray diffraction photographs taken in 1950, 
shown at a meeting in Naples a year later, that sparked James Watson's interest in DNA. 

At that time Wilkins also introduced Francis Crick to the importance of DNA. Wilkins knew that proper experiments 
on the threads of purified DNA would require better x-ray equipment. Wilkins ordered a new x-ray tube and a new 
microcamera. Before the DNA sample from Signer was available, Gosling had been trying to make x-ray diffraction 
images of sperm. However, Franklin did not start using the new equipment until September 1951. By the summer of 
1950 Randall had arranged for a three year research fellowship that would fund Rosalind Franklin in his laboratory. 
Franklin was delayed in finishing her work in Paris. Late in 1950, Randall wrote to Franklin to inform her that rather 
than work on protein, she should take advantage of Wilkins's preliminary work and that she should do x-ray studies 
of DNA fibers made from Signer's samples of DNA. Early in 1951 Franklin finally arrived. Wilkins was away on 
holiday and missed an initial meeting at which Raymond Gosling stood in for him along with Alex Stokes, who, like 
Crick, would solve the basic mathematics that make possible a general theory of how helical structures diffract 
x-rays. No work had been done on DNA in the laboratory for several months; the new x-ray tube sat unused, waiting 
for Franklin. Franklin ended up with the DNA from Signer, Gosling became her PhD student, and she had the 
expectation that DNA x-ray diffraction work was her project. Wilkins returned to the laboratory expecting that 
Franklin would be his collaborator and that they would work together on the DNA project that he had started. 
Franklin felt that DNA was now her project and would not collaborate with Wilkins, who then pursued parallel 
studies. 

By November 1951 Wilkins had evidence that DNA in cells as well as purified DNA had a helical structure.^ Alex 
Stokes had solved the basic mathematics of helical diffraction theory and thought that Wilkins's x-ray diffraction 
data indicated a helical structure in DNA. Wilkins met with Watson and Crick and told them about his results. This 
information from Wilkins, along with additional information gained by Watson when he heard Franklin talk about 
her research during a King's College research meeting, stimulated Watson and Crick to create their first molecular 
model of DNA, a model with the phosphate backbones at the center. Upon viewing the model of the proposed 
structure, Franklin told Watson and Crick that it was wrong. Franklin knew from basic chemical principles the 
hydrophilic backbones should go on the outside of the molecule where they could interact with water. Crick tried to 
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get Wilkins to continue with additional molecular modeling efforts, but Wilkins did not take this approach. During 

1952, Franklin also refused to participate in molecular modeling efforts and continued to work on step-by-step 
detailed analysis of her x-ray diffraction data (Patterson synthesis). By the spring of 1952, Franklin had received 
permission from Randall to ask to transfer her fellowship so that she could leave King's College and work in John 
Bernal's laboratory at Birkbeck College, also in London. However, Franklin remained at King's College for another 
year. 

By early 1953, it was clear that Franklin would simply drop her DNA work at the end of her fellowship that summer, 
or even sooner due to illness. Linus Pauling had published a proposed but incorrect structure of DNA, making the 
same basic error that Watson and Crick had made a year earlier. Some of those working on DNA in the United 
Kingdom feared that Pauling would quickly solve the DNA structure once he recognized his error and put the 
backbones of the nucleotide chains on the outside of a model of DNA. After March 1952 Franklin concentrated on 
the x-ray data for the A-form of less hydrated DNA while Wilkins tried to work on the hydrated B-form. Wilkins 
was handicapped because Franklin had all of the good DNA. Wilkins got new DNA samples, but it was not as good 
as the original sample he had used in 1950 and which Franklin continued to use. Most of his new results were for 
biological samples like sperm cells, which seemed to also suggest a helical structure for DNA. In the middle of 1952 
Wilkins had for a time abandoned further DNA work when Franklin reported to him that her results made her doubt 
the helical nature of the A-form. Wilkins feared that the data suggesting a helical structure might just be an artifact. 

In early 1953 Watson visited King's College and Wilkins showed him a high quality image of the B-form x-ray 
diffraction pattern, now nicknamed photo 51, that Franklin had produced in March 1952. With the knowledge that 
Pauling was working on DNA and had submitted a model of DNA for publication, Watson and Crick mounted one 
more concentrated effort to deduce the structure of DNA. Through from Max Perutz, his thesis supervisor, Crick 
gained access to a progress report from King's College that included useful information from Franklin about the 
features of DNA she had deduced from her x-ray diffraction data. Watson and Crick published their proposed DNA 
double helical structure in a paper in the journal Nature in April 1953. In this paper Watson and Crick acknowledged 
that they had been "stimulated by.... the unpublished results and ideas" of Wilkins and Franklin. 

The discovery itself was made on 28 February 1953 by Watson and Crick; the first Watson-Crick paper appeared in 
Nature on 25 April 1953. Sir Lawrence Bragg, the director of the Cavendish Laboratory, where Watson and Crick 
worked, gave a talk at Guys Hospital Medical School in London on Thursday 14 May 1953 which resulted in an 
article by Ritchie Calder in The News Chronicle of London, on Friday 15 May 1953, entitled "Why You Are You. 
Nearer Secret of Life." The news reached readers of The New York Times the next day; Victor K. McElheny, in 
researching his biography of Watson, "Watson and DNA: Making a Scientific Revolution", found a clipping of a 
six-paragraph New York Times article written from London and dated 16 May 1953 with the headline "Form of Life 
Unit' in Cell Is Scanned." The article ran in an early edition and was then pulled to make space for news deemed 
more important. (The New York Times subsequently ran a longer article on 12 June 1953). The Cambridge 
University undergraduate newspaper Varsity also ran its own short article on the discovery on Saturday 30 May 

1953. Bragg's original announcement at a Solvay conference on proteins in Belgium on 8 April 1953 went 
unreported by the press. 

In recognition of the contribution from King's College, Watson and Crick agreed that Wilkins, Stokes, and Wilson [5] 
and Franklin and Gosling should each publish their x-ray diffraction work, which supported the proposed 
Crick-Watson model, in separate articles in the same issue of Nature. 

Wilkins and others went on to repeat and extend much of Franklin's work, and produced abundant evidence to 
support the helical model produced by Crick and Watson. 

Wilkins married his second wife Patricia Ann Chidgey in 1959. They had four children, Sarah, George, Emily and 
William; he had a son by his previous marriage, to an art student called Ruth in California. 

He published his autobiography, "The Third Man of the Double Helix," in 2003, but does not specifically credit 
Stokes and Wilson as co-authors of their paper in "Nature". Whether this was deliberate on his part or just the result 
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of poor sub-editing by the publisher is not known. 



Recognition 




A plaque commemorating Maurice Wilkins and 
his discovery, beneath the monument, Pongaroa, 
New Zealand 



In 1960 he was presented with the American Public Health 
Association's Albert Lasker Award, and in 1962 he was made a 
Commander of the British Empire. Also in 1962 he shared the Nobel 
Prize in Physiology or Medicine with Watson and Crick for the 
discovery of the structure of DNA. 

On Saturday 20 October 1962 the award of Nobel prizes to John 
Kendrew and Max Perutz, and to Crick, Watson, and Wilkins was 
satirised in a short sketch in the BBC TV programme That Was The 
Week That Was with the Nobel Prizes being referred to as The Alfred 
Nobel Peace Pools.' 

In 2000, King's College London opened the Franklin-Wilkins Building 
in honour of Dr. Franklin's and Professor Wilkins' work at the 
college.^ 

The wording on the new DNA sculpture (which was donated by James Watson) outside Clare College's Thirkill 
Court, Cambridge, England is 

a) on the base: 

i) "These strands unravel during cell reproduction. Genes are encoded in the sequence of bases." 

ii) "The double helix model was supported by the work of Rosalind Franklin and Maurice Wilkins." 

b) on the helices: 

i) "The structure of DNA was discovered in 1953 by Francis Crick and James Watson while Watson lived here 
at Clare." 

ii) "The molecule of DNA has two helical strands that are linked by base pairs Adenine - Thymine or Guanine 
- Cytosine." 
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Rosalind Franklin 
Born Notting Hill, London, United Kingdom 



Died (aged 37) 

Chelsea, London, United Kingdom 
Cancer of the ovary 

Nationality British 



Fields 



X-ray crystallography 



Institutions British Coal Utilisation Research Association 

Laboratoire central des services chimiques de VEtat 
King's College London 
Birkbeck College, London 



Alma mater Newnham College, Cambridge 

Known for Fine structure of coal and graphite, DNA structure, viruses 



Rosalind Elsie Franklin (25 July 1920 - 16 April 1958) was a British biophysicist, physicist, chemist, biologist and 
X-ray crystallographer who made important contributions to the understanding of the fine molecular structures of 
DNA, RNA, viruses, coal and graphite. 

Franklin is still best known for her work on the X-ray diffraction images of DNA. Her data, according to Francis 
Crick, was "the data we actually used"'- 1 -' to formulate Crick and Watson's 1953 hypothesis regarding the structure of 
DNA. Furthermore, unpublished drafts of her papers (written as she was arranging to leave the unsupportive 
research situation at King's College London) show that she had indeed determined the overall B-form of the DNA 
helix. However, her work was published third, in the series of three DNA Nature articles, led by the paper of Watson 
and Crick which only vaguely acknowledged her evidence in support of their hypothesis/ The possibility of 

Ml 

Franklin having played a major role was not revealed until Watson wrote his personal account, The Double Helix, 
in 1968 which subsequently inspired several people to investigate DNA history and Franklin's contribution. The first, 
Robert Olby's "The Path to the Double Helix", supplied information about original source materials for those that 
followed.^ After finishing her portion of the DNA work, Franklin led pioneering work on the tobacco mosaic and 
polio viruses. 

She died at the age of 37 from complications arising from ovarian cancer. 
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Background 



Franklin was born in Notting Hill, London^ into an affluent and influential British- Jewish family. ^ Her father was 
Ellis Arthur Franklin (1894—1964), a London merchant banker and her mother was Muriel Frances Waley 
(1894—1976); she was the elder daughter and second of the family of five children. 

Her uncle was Herbert Samuel (later Viscount Samuel) who was Home Secretary in 1916 and the first practicing Jew 

rsi 

to serve in the British Cabinet. He was also the first High Commissioner (effectively governor) for the British 
Mandate of Palestine. 

Her aunt Helen Carolin Franklin was married to Norman de Mattos Bentwich, who was Attorney General in the 
British Mandate of Palestine. She was active in trade union organisation and women's suffrage, and was later a 
member of the London County Council J 1 

fl21 r 13 1 

Franklin was educated at St Paul's Girls' School and North London Collegiate School where she excelled in 

science, Latin'- 14 -' and sports.' 15 ^ Her family was actively involved with a Working Men's College, where Ellis 
Franklin, her father, taught electricity, magnetism and the history of the Great War in the evenings and later became 
vice principal. ' 17 ~' Later Franklin's family helped settle Jewish refugees from Europe who had escaped the 
Nazis. [11] 

In the winter of 1938 Franklin went to Newnham College, Cambridge. She passed her finals in 1941, but was only 

awarded a degree titular, as women were not entitled to degrees (BA Cantab.) from Cambridge at the time; in 1945 

r i si 

Franklin received her PhD from Cambridge University. 

British Coal Utilisation Research Association 

Franklin worked for Ronald Norrish between 1941 and 1942. Because of her desire to contribute to the World War II 
effort, she worked at the British Coal Utilisation Research Association in Kingston-upon-Thames from August 1942, 
studying the porosity of coal. Her work helped spark the idea of high-strength carbon fibres and was the basis of her 
1945 doctoral thesis — "The physical chemistry of solid organic colloids with special reference to coal and related 
materials".™ [20] 
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In January 1951, Franklin started working as a research associate at King's College London in the Medical Research 
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Council's (MRC) Biophysics Unit, directed by John Randall. Although originally she was to have worked on 
x-ray diffraction of proteins and lipids in solution, Randall redirected her work to DNA fibers before she started 

working at King's since Franklin was to be the only experienced experimental diffraction researcher at King's in 
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1951. He made this reassignment, even before she started working at King's, because of the following 

pioneering work by Maurice Wilkins and Raymond Gosling. [24] Even using crude equipment these two men had 
obtained an outstanding diffraction picture of DNA which sparked further interest in this molecule. Wilkins and 
Gosling had been carrying out x-ray diffraction analysis of DNA in the Unit since May 1950, but Randall had not 

informed them of his having asked Franklin to take over both the DNA diffraction work and guidance of Gosling's 

T251 

thesis. Randall's lack of communication about this reassignment significantly contributed to the well documented 
friction that developed between Wilkins and Franklin. [26] 

1271 

Franklin, working with her student Raymond Gosling, started to apply her expertise in x-ray diffraction 
techniques to the structure of DNA. She used a new fine focus x-ray tube and microcamera ordered by Wilkins, but 
which she refined, adjusted and focused carefully. Drawing upon her physical chemistry background, Franklin also 

T281 

skillfully manipulated the critical hydration of her specimens. When Wilkins inquired about this improved 

T291 

technique, Franklin replied in terms which offended Wilkins as Franklin had "an air of cool superiority". 
Franklin's habit of intensely looking people in the eye while being concise, impatient and directly confrontational to 
the point of abrasiveness unnerved many of her colleagues. In stark contrast, Wilkins was very shy, and slowly 
calculating in speech while he avoided looking anyone directly in the eye. [30] In spite of the intense atmosphere, 

Franklin and Gosling discovered that there were two forms of DNA: at high humidity (when wet) the DNA fibre 
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became long and thin, when it was dried it became short and fat. These were termed DNA 'B' and A' 

[33] 

respectively. Because of the intense personality conflict developing between Franklin and Wilkins, Randall 
divided the work on DNA. Franklin chose the data rich A form while Wilkins selected the 'B' form'- 34 -' ' 35 -' because 
his preliminary pictures had hinted it might be helical. He showed tremendous insight in this assessment of 

preliminary data. The x-ray diffraction pictures taken by Franklin at this time have been called, by J. D. Bernal, 

1311 

"amongst the most beautiful x-ray photographs of any substance ever taken". 

By the end of 1951 it was generally accepted in King's that the B form of DNA was a helix, but Franklin became 
unconvinced that the A form of DNA was helical in structure' 36 ^ after she had recorded an asymmetrical image in 

1952 May. As a practical joke on Wilkins (who frequently expressed his view that DNA was helical), Franklin and 
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Gosling produced a death notice regretting the 'death' of helical crystalline DNA (A-DNA). During 1952 Rosalind 
Franklin and Raymond Gosling worked at applying the Patterson function to the x-ray pictures of DNA they had 
produced.™ This was a long and labour-intensive approach but would yield significant insight into the structure of 
themolecule. [39][40] 
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Franklin and Gosling death notice for a helical 



By January 1953, Franklin had reconciled her conflicting data and had 
started to write a series of three draft manuscripts, two of which 
included a double helical DNA backbone (see below). Her two A form 

manuscripts reached Acta Crystallographica in Copenhagen on 6 

1411 

March 1953, one day before Crick and Watson had completed their 

T421 

model. Franklin had to have mailed them while the Cambridge team 
was building their model, and certainly had written them before she 
knew of their work. On 8 July, 1953 she modified one of these "in 
proof", Acta articles "in light of recent work" by the King's and 

structure for crystalline DNA (or A-DNA) . [43]™ .,. , , f . , D , e f 

Cambridge research teams. The third draft paper on the B form of 
DNA, dated 17 January 1953, was discovered years later amongst her 
papers, by Franklin's Birkbeck colleague, Aaron Klug. He then published an evaluation of the draft's close 
correlation with the third of the original trio of 25 April 1953 Nature DNA articles.' ^ Klug designed this paper to 
complement the first article he had written defending Franklin's significant contribution to DNA structure.' 45 -' He had 
written this first article in response to the incomplete picture of Franklin's work depicted in Watson's 1968 memoir, 
The Double Helix. 

As vividly described in The Double Helix, on 30 January 1953, Watson traveled to King's carrying a preprint of 
Linus Pauling's incorrect proposal for DNA structure. Since Wilkins was not in his office, Watson went to Franklin's 
lab with his urgent message that they should all collaborate before Pauling discovered his error. The unimpressed 
Franklin became angry when Watson suggested she did not know how to interpret her own data. Watson hastily 
retreated, backing into Wilkins who had been attracted by the commotion. Wilkins commiserated with his harried 
friend and then changed the course of DNA history with the following disclosure. Watson was shown (by Wilkins) 
Franklin's famous photograph 51, which had been given to Wilkins by Gosling. Watson, in turn, showed Wilkins a 
pre-publication manuscript by Pauling and Corey .' 46 ^ Franklin and Gosling's photo 51 gave the Cambridge pair 
critical insights into the DNA structure, whereas Pauling and Corey's paper described a molecule remarkably like 
their first incorrect model. 

In February 1953 Francis Crick and James D. Watson of the Cavendish Laboratory in Cambridge University had 
started to build a model of the B form of DNA using similar data to that available to both teams at King's. Much of 
their data were derived directly from research done at King's by Wilkins and Franklin, with Franklin's being the most 
unique and critical data completed by February 1953. ' 47 ~' Model building had been applied successfully in the 
elucidation of the structure of the alpha helix by Linus Pauling in 1951, ' 34 ^ ' 48 ^ but Franklin was opposed to 
prematurely building theoretical models, until sufficient data was obtained properly to guide the model building. She 
took the view that building a model was to be undertaken only after enough of the structure was known. ' 36 ^ ' 4 ^ Ever 
cautious she wanted to eliminate misleading possibilities. Photographs of her Birkbeck work table' 50 -' show that she 
routinely used small molecular models, although certainly not ones on the grand scale successfully used at 
Cambridge for DNA. In the middle of February 1953, Crick's thesis advisor, Max Perutz gave Crick a copy of a 
report written for a Medical Research Council biophysics committee visit to King's in December 1952, containing 
many of Franklin's crystallographic calculations.' 51 ^ Since Franklin had decided to transfer to Birkbeck College and 
Randall had insisted that all DNA work must stay at King's, Wilkins was given copies of Franklin's diffraction 
photographs by Gosling. By 28 February 1953 Watson and Crick felt they had solved the problem enough for Crick 
to proclaim (in the local pub) that they had "found the secret of life". However they knew they must complete 
their model before they could be certain.' 53 ^ 

Watson and Crick finished building their model on 7 March 1953, one day before they received a letter from Wilkins 

[541 

stating that Franklin was finally leaving and they could put "all hands to the pump". This was also one day after 
Franklin's two A form papers had reached Acta Crystallogrphica. Wilkins came to see the model the following week, 
according to Maddox on 12 March, and allegedly informed Gosling on his return to King's.' 5 ^ It is uncertain how 
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long it took for Gosling to inform Franklin at Birkbeck, but her original 17 March B form manuscript does not reflect 
any knowledge of the Cambridge model. Franklin did modify this draft later before publishing it as the third in the 
trio of 25 April 1953 Nature articles. On 18 March/ 56 - 1 in response to receiving a copy of their preliminary 
manuscript, Wilkins penned the following "I think you're a couple of old rogues, but you may well have 
something". ^ 

Crick and Watson then published their model in Nature on 25 April 1953 in an article describing the double-helical 

structure of DNA with only a footnote acknowledging "having been stimulated by a general knowledge of" Franklin 

T581 

and Wilkin's 'unpublished' contribution. Actually, although it was the bare minimum, they had just enough 
specific knowledge of Franklin and Gosling's data upon which to base their model. As a result of a deal struck by the 
two laboratory directors, articles by Wilkins and Franklin, which included their x-ray diffraction data, were modified 
and then published second and third in the same issue of Nature, seemingly only in supported of the Crick and 
Watson theoretical paper which proposed a model for the B form of DNA.' 59 ^ ^ Franklin left King's College 

HOI 

London in March 1953 to move to Birkbeck College in a move that had been planned for some time. 

Weeks later, on 10 April, Franklin wrote to Crick for permission to see their model. ^ Franklin retained her 
scepticism for premature model building even after seeing the Crick-Watson model, and remained unimpressed. She 
is reported to have commented, "It's very pretty, but how are they going to prove it?" As an experimental scientist 
Franklin seems to have been interested in producing far greater evidence before publishing-as-proven a proposed 
model. As such her response to the Crick— Watson model was in keeping with her cautious approach to science/ 62 ^ 
However, as documented above, she did not hesitate to publish preliminary ideas about DNA in ACTA, even before 
they could be definitively proven. Most of the scientific community hesitated several years before accepting the 
double helix proposal. At first mainly geneticists embraced the model because of its obvious genetic implications. 
Broader acceptance for the DNA double helix did not start until about 1960, and was not openly acknowledged until 
1961 during the 1962 Nobel prize nominations. It took Wilkins and his colleagues approximately seven years to 
collect enough data to prove and refine the proposed DNA structure. According to the 1961 Crick-Monod letter 
cited above, this experimental proof, along with Wilkins having initiated the DNA diffraction work, were the reasons 
why Crick felt that Wilkins should be included in the DNA Nobel prize. 



Birkbeck College 

Franklin's work in Birkbeck involved the use of x-ray 
crystallography to study the structure of the tobacco 
mosaic virus (TMV) as a senior scientist with her own 
research group, funded by the Agricultural Research 
Council (ARC). [63] . She was recruited by physics 
department chair J. D. Bernal^ , a brilliant 
crystallographer who happened to be an Irish 
communist, known for promoting women 
crystallographers. In 1954 Franklin began a 
longstanding and successful collaboration with Aaron 
Klug. [65] In 1955 Franklin had a paper published in the 
journal Nature, indicating that TMV virus particles 
were all of the same length,' ^ this was in direct 
contradiction to the ideas of the eminent virologist 
Norman Pirie, though her observation ultimately 
proved correct. [67] 




Electronmicrograph of Tobacco Mosaic 
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Franklin, and the research group she headed, focused on the structure of RNA, a molecule equally central to life as 
DNA. RNA actually constitutes the genome (central information molecule) of many viruses, including tobacco 
mosaic virus. She assigned the study of rod-like viruses such as TMV (tobacco mosaic virus) to her PhD student 
Kenneth Holmes, while her colleague Aaron Klug worked on spherical viruses with his student John Finch, with 
Franklin coordinating and overseeing the work. Franklin also had a research assistant, James Watt, subsidised by 
the National Coal Board and was now the Leader of the "ARC group at Birkbeck} ^ By the end of 1955 her team 
had completed a model of the TMV, to be exhibited at the upcoming Brussels World's fair. The Birkbeck team 
members were working on RNA viruses affecting several plants, including potato, turnip, tomato and pea. [70] 

Franklin and Don Caspar produced a paper each in Nature that taken together demonstrated that the DNA in TMV is 
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wound along the inner surface of the hollow virus. 

Her former colleagues at Birkbeck College, London Aaron Klug, John Finch and Kenneth Holmes moved to the 
Laboratory of Molecular Biology, Cambridge in 1962. 

Illness and death 

In the summer of 1956, while on a work-related trip to the United States, Franklin first began to suspect a health 
problem.' 73 ^ An operation in September of the same year revealed two tumours in her abdomen. ^ 74 ^ After this period 
and other periods of hospitalization, Franklin spent time convalescing with various friends and family members. 
These included Anne Sayre, Francis Crick, his wife Odile, with whom Franklin had formed a strong friendship, [75] 
and finally with the Roland and Nina Franklin family where Rosalind's nieces and nephews bolstered her spirits. 
Franklin chose not to stay with her parents because her mother's uncontrollable grief and crying upset her too much. 
Even while undergoing cancer treatment, Franklin continued to work, and her group continued to produce results, 
seven papers in 1956 and a further six in 1957. [76] In 1957, the group was also working on the polio virus and had 

mi 

obtained funding from the Public Health Service of the National Institutes of Health in the United States for this. 
At the end of 1957, Franklin again fell ill and she was admitted to the Royal Marsden Hospital. She returned to work 
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in January 1958 and she was given a promotion to Research Associate in Biophysics. She fell ill again on March 
30 and died on April 16, 1958, in Chelsea, London/ 79 ^ ' ' of bronchopneumonia, secondary carcinomatosis and 
carcinoma of the ovary. Exposure to X-ray radiation is sometimes considered a possible factor in her illness. Other 
members of her family have died of cancer, and the incidence of "female" cancer is known to be disproportionately 
high among Ashkenazi Jews. [81] Her death certificate read: A Research Scientist, Spinster, Daughter of Ellis Arthur 
Franklin, a Banker} 82 ^ 

Controversies after death 

Various controversies surrounding Rosalind Franklin came to light following her death. 

Sexism at King's College 

Rosalind Franklin worked in a research community that acknowledged women as scientists, but was infused with 

T71 

both conscious and unconscious sexism. This sexism pervades Watson's memoir, The Double Helix, in which he 
denigrates her work and frequently refers to her in patronizing terms as "Rosy", a name she never used. Much later, 
Francis Crick acknowledges, "I'm afraid we always used to adopt-let's say, a patronizing attitude towards her". 
Cambridge colleague Peter Cavendish wrote in a letter, "Wilkins is supposed to be doing this work; Miss Franklin is 
evidently a fool". The one laboratory director who supposedly supported her, John Randall, pointedly told her to 

T71 

"cease to work on the nucleic acid problem" upon her departure from King's. 

The 1975 biography of Franklin by Anne Sayre (a friend who actually knew Franklin) asserted that Rosalind 
Franklin was discriminated against because of her gender and that King's, as an institution, was sexist. Among the 
examples cited in alleging sexist treatment at King's was that while "the male staff at King's lunched in a large, 
comfortable, rather clubby dining room" the female staff of all ranks "lunched in the student's hall or away from the 
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premises"/ 83 ^ [84] Others recall differently that most of the MRC group typically ate lunch together (including 
Franklin) in the mixed dining room discussed below / 85] There was a dining room for the exclusive use of men (as 
was the case at other University of London colleges at the time), as well as a mixed-gender dining room that 
overlooked the River Thames, and many male scientists reportedly refused to use the male-only dining room owing 
to the preponderance of theologians/ ] 

Another accusation regarding gender is that the under-representation of women in John Randall's group where only 
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one participant was a woman was due to unfair exclusion. In contrast, defenders of the King's College MRC 
group argue that women were (by the standards of the time) well-represented in the group, representing eight out of 
thirty-one members of staff/ 88 - 1 or possibly closer to one in three/ 89] although most were not senior scientists/ 90 ^ 

Contribution to the model of DNA 

Rosalind Franklin's critical contributions to the Crick and Watson model include an X-ray photograph of B-DNA 
(called photograph 51), that was briefly shown to James Watson by Maurice Wilkins in January 1953, and 
a report written for an MRC biophysics committee visit to King's in December 1952 which was shown by Dr. Max 
Perutz at the Cavendish Laboratory to both Crick and Watson. This MRC report contained data from the King's 
group, including some of Rosalind Franklin's and Raymond Gosling's work, and was given to Francis Crick — who 
was working on his thesis on haemoglobin structure — by his thesis supervisor Max Perutz, a member of the visiting 
committee/ 94 -' ^ 95 ^ Maurice Wilkins had been given photograph 51 by Rosalind Franklin's Ph.D. student Raymond 
Gosling, because she was leaving King's to work at Birkbeck. There was allegedly nothing untoward in this transfer 
of data to Wilkins/ ^ ' ^ since the Director John Randall had insisted that all DNA work belonged exclusively to 
King's and had instructed Franklin in a letter to even stop thinking about it. Also it was implied by Horace 
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Freeland Judson, incorrectly, that Maurice Wilkins had taken the photograph out of Rosalind Franklin's drawer 
However, the B-DNA X-ray pattern photograph in question was shown to Watson by Wilkins — without Franklin's 
permission. Likewise Max Perutz saw "no harm" in showing an MRC report containing the conclusions of Franklin 
and Gosling's X-ray data analysis to Crick, since it had not been marked as confidential, although — in the customary 
British manner in which everything official is considered secret until it is deliberately made public — the report was 
not expected to reach outside eyes"/ 100 - 1 Indeed after the publication of Watson's The Double Helix exposed Perutz's 
act, he received so many letters questioning his judgement that he felt the need to both answer them all [101] and to 
post a general statement in Science excusing himself on the basis of being "inexperienced and casual in 
administrative matters"/ 102 -' Perutz also claimed that the MRC information was already made available to the 
Cambridge team when Watson had attended Franklin's seminar in November 1951. A preliminary version of much 
of the important material contained in the 1952 December MRC report had been presented by Franklin in a talk she 
had given in 1951 November, which Dr. Watson had attended but not understood/ 103 ^ [104] The Perutz letter was one 
of three letters, published with letters by Wilkins and Watson, which discussed their various contributions. Watson 
clarified the importance of the data obtained from the MRC report as he had not recorded these data while attending 
Franklin's lecture in 1951. The upshot of all this was that when Crick and Watson started to build their model in 
February 1953 they were working with critical parameters that had been determined by Franklin in 1951, and which 
she and Gosling had significantly refined in 1952, as well as with published data and other very similar data to those 
available at King's. Rosalind Franklin was probably never aware that her work had been used during construction of 
the model/ 105] but Maurice Wilkins was. 
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Recognition of her contribution to the model of DNA 

On the completion of their model, Francis Crick and James Watson had invited Maurice Wilkins to be a co-author of 
their paper describing the structure. [106] [107] Wilkins turned down this offer, as he had taken no part in building the 
model. [108] Maurice Wilkins later expressed regret that greater discussion of co-authorship had not taken place as 
this might have helped to clarify the contribution the work at King's had made to the discovery.' 109 ^ There is no 
doubt that Franklin's experimental data were used by Crick and Watson to build their model of DNA in 1953 (see 
above). Some, including Maddox as cited next, have explained this citation omission by suggesting that it may be a 
question of circumstance, because it would have been very difficult to cite the unpublished work from the MRC 
report they had seen. [110] Indeed a clear timely acknowledgment would have been awkward, given the unorthodox 
manner in which data was transferred from King's to Cambridge, however methods were available. Watson and 
Crick could have cited the MRC report as a personal communication or else cited the ACTA articles in press, or 
most easily, the third Nature paper that they knew was in press. One of the most important accomplishments of 
Maddox's widely acclaimed biography is that Maddox made a well-received case for inadequate acknowledgement. 
"Such acknowledgement as they gave her was very muted and always coupled with the name of Wilkins".^ 1 U ^ 

Twenty five years after the fact, the first clear recitation of Franklin's contribution appeared as it permeated Watson's 
account, The Double Helix, although it was buried under allegations that Franklin did not know how to interpret her 
own data and that she should have therefore shared her work with Wilkins, Watson, and Crick. This attitude is 
epitomized in the confrontation between Watson and Franklin over a pre-print of Pauling's mistaken DNA 
manuscript.^ 1 Watson's words impelled Sayre to write her rebuttal, in which she designs her entire chapter nine, 
"Winner Take All" to be like a legal brief dissecting and analyzing the topic of acknowledgment . Unfortunately 
Sayre's early analysis was often ignored because of the supposed feminist overtones in her book. It should be noted 
that in their original paper, Watson and Crick do cite the X-ray diffraction work of both Wilkins and William 

Astbury. In addition, they admit their, "having been stimulated by a knowledge of the general nature of the 

[21 

unpublished experimental work of [groups led by both both Wilkins and Franklin]". Franklin and Raymond 
Gosling's own publication in the same issue of Nature was the first publication of this more clarified X-ray image of 
DNA. [114] 

Nobel Prize 

The rules of the Nobel Prize forbid posthumous nominations [107] and because Rosalind Franklin had died in 1958 
she was not eligible for nomination to the Nobel Prize subsequently awarded to Crick, Watson, and Wilkins in 
1962. [115] The award was for their body of work on nucleic acids and not exclusively for the discovery of the 
structure of DNAJ 116 ^ By the time of the award Wilkins had been working on the structure of DNA for over 10 
years, and had done much to confirm the Watson-Crick modelJ 117 ^ Crick had been working on the genetic code at 
Cambridge and Watson had worked on RNA for some years. 
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Posthumous recognition 



1982, Iota Sigma Pi designated Franklin 
a National Honorary Member J 1 19 ^ 

1992, English Heritage placed a blue 

plaque on the house Rosalind Franklin 

• [120] 
grew up in. 

1993, King's College London rename the 
Orchard Residence at their Hampstead 
Campus on Kidderpore Avenue Rosalind 
Franklin Hall. 

1995, Newnham College dedicated a 
residence in her name and put a bust of 
her in its garden .' 2t ^ 




Rosalind Franklin University of Medicine and Science 
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1997, Birkbeck, University of London School of Crystallography opened the Rosalind Franklin laboratory 

1998, National Portrait Gallery added Rosalind Franklin's next to those of Francis Crick, James Watson and 
Maurice Wilkins. [120] [122] 

2000, King's College London opened the Franklin-Wilkins Building in honour of Dr. Franklin's and Professor 
Wilkins' work at the college.' 123 ^ King's had earlier, in 1994, also named one of the Halls in Hampstead Campus 
residences in memory of Rosalind Franklin. 

2001, The U.S. National Cancer Institute established the Rosalind E. Franklin Award for Women in Science.' 124 ' 

2003, the Royal Society established the Rosalind Franklin Award, for an outstanding contribution to any area of 
natural science, engineering or technology.' 125 ^ 

2004, Finch University of Health Sciences/The Chicago Medical School, located in North Chicago, IL, changed 
its name to Rosalind Franklin University of Medicine and Science.' 126 -' 

2004, The University of Groningen, The Netherlands installed Rosalind Franklin fellowships to promote the 
hiring of young, promising, female researchers. 

2005, the wording on the DNA sculpture (which was donated by James Watson) outside Clare College's Thirkill 
Court, Cambridge, UK is a) on the base: i) "These strands unravel during cell reproduction. Genes are encoded in 
the sequence of bases." and ii) "The double helix model was supported by the work of Rosalind Franklin and 
Maurice Wilkins. ", as well as b) on the helices: i) "The structure of DNA was discovered in 1953 by Francis Crick 
and James Watson while Watson lived here at Clare." and ii) "The molecule of DNA has two helical strands that 
are linked by base pairs Adenine — Thymine or Guanine — Cytosine." [127] 

2008, Columbia University awarded an Honorary Horwitz Prize to Rosalind Franklin, Ph.D., posthumously, "for 
her seminal contributions to the discovery of the structure of DNA". [128] 
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Linus Carl Pauling (February 28, 1901 — August 19, 1994) was an American chemist, peace activist, author, and 
educator. He was one of the most influential chemists in history and ranks among the most important scientists in 
any field of the 20th century^ ^ . Pauling was among the first scientists to work in the fields of quantum chemistry, 
molecular biology, and orthomolecular medicine. He is one of only four individuals to have won multiple Nobel 
Prizes. He is one of only two people to have been awarded a Nobel Prize in two different fields (the Chemistry and 
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Peace prizes), the other being Marie Curie (the Chemistry and Physics prizes), and the only person to have been 
awarded each of his prizes without sharing it with another recipient.^ 



Biography 
Early years 

Pauling was born in Portland, Oregon, as the first born child to Herman 
Henry William Pauling (1876-1910) and Lucy Isabelle "Belle" Darling 
(1881-1926). [5] He was named "Linus Carl", in honor of Lucy's father, 
Linus, and Herman's father, Carl.^ Herman and Lucy — then 23 and 18 
years old, respectively — had met at a dinner party in Condon. Six 



months later, the two were married 



[71 




Herman Henry William Pauling c. 1900, Linus 
Pauling's father 



Herman Pauling descended from South-German farmers, who had 
immigrated to a German settlement in Concordia, Missouri. Carl 
Pauling moved his family to California before settling in Oswego. 

roi 

There, he worked as an ironmonger at a foundry. After completing 
grammar school, Herman Pauling served as an apprentice to a druggist. 

Upon completion of his services, he became a wholesale drug 

191 

salesman/ 

Pauling's mother, Lucy, of Irish descent, was the daughter of Linus 
Wilson Darling, who had served as a teacher, farmer, surveyor, 
postmaster and lawyer at different points of his life. Linus Darling was 
orphaned at age 1 1 and apprenticed under a baker before becoming a schoolteacher. He fell in love with a young 
woman named Alice from Turner, Oregon, whom he eventually married^ 1 ' On July 17, 1888, Alice gave birth to 
the couple's fifth child, but he was stillborn. Less than a month later, she died, leaving Darling to take care of their 
four young daughters . * 

Linus Pauling spent his first year living in a one-room apartment with his parents in Portland. In 1902, after his sister 

N21 

Pauline was born, Pauling's parents decided to move out of the city. They were crowded in their apartment, but 

couldn't afford more spacious living quarters in Portland. Lucy stayed with her husband's parents in Oswego, while 

Herman searched for new housing. Herman brought the family to Salem, where he took up a job as a traveling 

salesman for the Skidmore Drug Company. Within a year of Lucile's birth in 1904, Herman Pauling moved his 

1121 

family to Oswego, where he opened his own drugstore. The business climate in Oswego was poor, so he moved 

1131 

his family to Condon in 1905. 

In 1909, Pauling's grandfather, Linus, divorced his second wife and married a young schoolteacher, almost the same 
age as his daughter Lucy. A few months later, he died of a heart attack, brought on by complications from 
nephritis. ^ Meanwhile, Herman Pauling was suffering from poor health and had regular sharp pains in his 
abdomen. Lucy's sister, Abbie, saw that Herman was dying and immediately called the family physician. The doctor 
gave Herman a sedative to reduce the pain, but it only offered temporary relief.^ 15 ^ His health worsened in the 
coming months and finally died of a perforated ulcer on June 11, 1910, leaving Lucy to care for Linus, Lucile and 



Pauline 



[16] 



Linus was a voracious reader as a child, and at one point his father wrote a letter to The Oregonian inviting 

[171 

suggestions of additional books to occupy his time. Pauling first planned to become a chemist after being amazed 

r i si 

by experiments conducted with a small chemistry lab kit by his friend, Lloyd A. Jeffress. In high school, Pauling 
continued to conduct chemistry experiments, borrowing much of the equipment and material from an abandoned 
steel plant. With an older friend, Lloyd Simon, Pauling set up Palmon Laboratories. Operating from Simon's 
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basement, the two young adults approached local dairies to offer their services in performing butterfat samplings at 
cheap prices. Dairymen were wary of trusting two young boys with the task, and as such, the business ended as a 



failure 



[19] 



By the fall of 1916, Pauling was a 15-year-old high school senior and had enough credits to enter Oregon 

Agricultural College (OAC, now known as Oregon State University) in CorvallisJ 20 ^ However, he did not have 

enough credits for two required American history courses that would satisfy his requirement to earn a high school 

diploma. He asked the school principal if he could take these courses concurrently during the spring semester. The 

[21] 

principal denied his request, and Pauling decided to leave the school in June without a diploma. His high school, 

[22] 

Washington High School in Portland, awarded him the diploma 45 years later, after he had won two Nobel Prizes. 

[231 

During the summer, Pauling worked part-time at a grocery store, earning eight dollars a week. His mother set 
him up with an interview with a Mr. Schwietzerhoff, the owner of a number of manufacturing plants in Portland. 

Pauling was hired as an apprentice machinist with a salary of 40 dollars a month. Pauling excelled at his job, and saw 

[241 

his salary increase to 50 dollars a month after being on the job for only a month. In his spare time, he set up a 

photography lab with two friends and found business from a local photography company. He hoped that the business 

[251 

would earn him enough money to pay for his future college expenses. Pauling received a letter of admission from 



OAC in September 1917 and immediately gave notice to his boss and told his mother of his plans 
Higher education 

In October 1917, Pauling entered Oregon Agricultural College and 
lived in a boarding house on campus with his cousin Mervyn and 
another man, using the $200 he had saved from odd jobs to finance his 
education. In his first semester, Pauling registered for two courses in 
chemistry, two in mathematics, mechanical drawing, introduction to 
mining and use of explosives, modern English prose, gymnastics and 

[271 

military drill. Pauling fell in love with a freshman girl named Irene 
early in the school year. By the end of October, he had used up $150 of 
his savings on her, taking her to shows and games. He soon got a job at 
the girls' dormitory, working 100 hours a month chopping wood for 
stoves, cutting up beef and mopping up the kitchen. Despite the 25 cent 
per hour salary, Pauling was still having trouble managing his finances. 

He began eating one hot meal a day at a restaurant off campus to 

[271 

minimize his expenses. Pauling was active in campus life and 

T281 

founded the school's chapter of the Delta Upsilon fraternity. After 
his second year, he planned to take a job in Portland to help support his 
mother, but the college offered him a position teaching quantitative 
analysis, a course he had just finished taking himself. He worked forty 
hours a week in the laboratory and classroom and earned $100 a 



[26] 




Pauling's graduation photo from Oregon 
Agricultural College in 1922 



[291 

month. This allowed him to continue his studies at the college. 



In his last two years at school, Pauling became aware of the work of Gilbert N. Lewis and Irving Langmuir on the 

[291 

electronic structure of atoms and their bonding to form molecules. He decided to focus his research on how the 

physical and chemical properties of substances are related to the structure of the atoms of which they are composed, 

becoming one of the founders of the new science of quantum chemistry. Pauling began to neglect his studies in 

humanities and social sciences. He had also exhausted the course offerings in the physics and mathematics 

departments. Professor Samuel Graf selected Pauling to be his teaching assistant in a high-level mathematics 

course.'- 30 -' During the winter of his senior year, Pauling was approached by the college to teach a chemistry course 

[311 

for home economics majors. It was in one of these classes that Pauling met his future wife, Ava Helen Miller. 
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In 1922, Pauling graduated from OAC with a degree in chemical engineering and went on to graduate school at the 
California Institute of Technology (Caltech) in Pasadena, California, under the guidance of Roscoe G. Dickinson. 
His graduate research involved the use of X-ray diffraction to determine the structure of crystals. He published seven 
papers on the crystal structure of minerals while he was at Caltech. He received his Ph. D. in physical chemistry and 
mathematical physics, summa cum laude, in 1925. 

Personal life 

T321 

During his senior year of college, Pauling taught a class called "Chemistry for Home Economic Majors". In one 
of those classes, he met Ava Helen Miller from Beavercreek, whom he married on June 17, 1923. They had four 
children: Linus Carl Jr. (b. 1925); Peter Jeffress (1931-2003, a crystallographer and lecturer in chemistry); Edward 
Crellin (1937-1997, professor of biology at San Francisco State University and the University of California, 
Riverside), and Linda Helen, (b. 1932). 

Pauling was raised as a member of the Lutheran Church, but later joined the Unitarian Universalist Church and 

T331 

publicly declared his atheism two years before his death. 

Career 

Pauling had first been exposed to the concepts of quantum theory and quantum mechanics while he was studying at 
Oregon State University. He later traveled to Europe on a Guggenheim Fellowship, which was awarded to him in 
1926, to study under German physicist Arnold Sommerfeld in Munich, Danish physicist Niels Bohr in Copenhagen, 
and Austrian physicist Erwin Schrodinger in Zurich. All three were experts working in the new field of quantum 
mechanics and other branches of physics. Pauling became interested in seeing how quantum mechanics might be 
applied in his chosen field of interest, the electronic structure of atoms and molecules. In Europe, Pauling was also 
exposed to one of the first quantum mechanical analyses of bonding in the hydrogen molecule, done by Walter 
Heitler and Fritz London. Pauling devoted the two years of his European trip to this work and decided to make it the 
focus of his future research. He became one of the first scientists in the field of quantum chemistry and a pioneer in 
the application of quantum theory to the structure of molecules. He also joined Alpha Chi Sigma, the professional 
chemistry fraternity. 

In 1927, Pauling took a new position as an assistant professor at Caltech in theoretical chemistry. He launched his 

faculty career with a very productive five years, continuing with his X-ray crystal studies and also performing 

quantum mechanical calculations on atoms and molecules. He published approximately fifty papers in those five 

years, and created five rules now known as Pauling's Rules. By 1929, he was promoted to associate professor, and by 

1930, to full professor. In 1931, the American Chemical Society awarded Pauling the Langmuir Prize for the most 

significant work in pure science by a person 30 years of age or younger.^ ^ The following year, Pauling published 

what he regarded as his most important paper, in which he first laid out the concept of hybridization of atomic 

T351 

orbitals and analyzed the tetra valency of the carbon atom. 

At Caltech, Pauling struck up a close friendship with theoretical physicist Robert Oppenheimer, who was spending 
part of his research and teaching schedule away from U.C. Berkeley at Caltech every year. The two men planned to 
mount a joint attack on the nature of the chemical bond: apparently Oppenheimer would supply the mathematics and 
Pauling would interpret the results. However, their relationship soured when Pauling began to suspect that 
Oppenheimer was becoming too close to Pauling's wife, Ava Helen. Once, when Pauling was at work, Oppenheimer 
had come to their place and blurted out an invitation to Ava Helen to join him on a tryst in Mexico. [36] Although she 
flatly refused, she reported the incident to Pauling. Disquieted by this strange chemistry, and her apparent 
nonchalance about the incident, he immediately cut off his relationship with Oppenheimer. 

In the summer of 1930, Pauling made another European trip, during which he learned about the use of electrons in 
diffraction studies similar to the ones he had performed with X-rays. After returning, he built an electron diffraction 
instrument at Caltech with a student of his, L. O. Brockway, and used it to study the molecular structure of a large 



Linus Pauling 



60 



number of chemical substances. 

Pauling introduced the concept of electronegativity in 1932. Using the various properties of molecules, such as the 
energy required to break bonds and the dipole moments of molecules, he established a scale and an associated 
numerical value for most of the elements — the Pauling Electronegativity Scale — which is useful in predicting the 
nature of bonds between atoms in molecules. 

Activism 

Pauling had been practically apolitical until World War II, but the aftermath of the war and his wife's pacifism 
changed his life profoundly, and he became a peace activist. During the beginning of the Manhattan Project, Robert 
Oppenheimer invited him to be in charge of the Chemistry division of the project, but he declined, not wanting to 
uproot his family. He did work on other projects that had military applications such as explosives, rocket propellants, 
an oxygen meter for submarines and patented an armor piercing shell and was awarded a Presidential Medal of 
Merit. In 1946, he joined the Emergency Committee of Atomic Scientists, chaired by Albert Einstein. Its 

mission was to warn the public of the dangers associated with the development of nuclear weapons. His political 
activism prompted the U.S. State Department to deny him a passport in 1952, when he was invited to speak at a 
scientific conference in London. [40] [41] His passport was restored in 1954, shortly before the ceremony in Stockholm 
where he received his first Nobel Prize. Joining Einstein, Bertrand Russell and eight other leading scientists and 
intellectuals, he signed the Russell-Einstein Manifesto in 1955. ^ 

In 1958, Pauling joined a petition drive in cooperation with the founders of the St. Louis Citizen's Committee for 
Nuclear Information (CNI). This group, headed by Washington University professors Barry Commoner, Eric Reiss, 
M. W. Friedlander, and John Fowler, set up a study of radioactive strontium-90 in the baby teeth of children across 
North America. The "Baby Tooth Survey," headed by Dr. Louise Z. Reiss [43] , demonstrated conclusively in 1961 
that above-ground nuclear testing posed significant public health risks in the form of radioactive fallout spread 
primarily via milk from cows that had ingested contaminated grass.'- 44 -' ^ ^ Pauling also participated in a public 
debate with the atomic physicist Edward Teller about the actual probability of fallout causing mutations.' 47 ^ In 1958, 
Pauling and his wife presented the United Nations with the petition signed by more than 1 1,000 scientists calling for 
an end to nuclear-weapon testing. Public pressure and the frightening results of the CNI research subsequently led to 
a moratorium on above-ground nuclear weapons testing, followed by the Partial Test Ban Treaty, signed in 1963 by 
John F. Kennedy and Nikita Khrushchev. On the day that the treaty went into force, the Nobel Prize Committee 
awarded Pauling the Nobel Peace Prize, describing him as "Linus Carl Pauling, who ever since 1946 has campaigned 
ceaselessly, not only against nuclear weapons tests, not only against the spread of these armaments, not only against 
their very use, but against all warfare as a means of solving international conflicts. "' 48 -' The Committee for Nuclear 
Information was never credited for its significant contribution to the test ban, nor was the ground-breaking research 
conducted by Dr. Reiss and the "Baby Tooth Survey". The Caltech Chemistry Department, wary of his political 
views, did not even formally congratulate him. They did throw him a small party, showing they were more 
appreciative and sympathetic toward his work on radiation mutation. At Caltech he founded Sigma Xi's (The 
Scientific Research Society) chapter at the school, as he had previously been a member of that organisation. He 
continued his peace activism in the following years co-founding the International League of Humanists in 1974. He 
was president of the scientific advisory board of the World Union for Protection of Life and also one of the signers 
of the Dubrovnik-Philadelphia Statement. 

Many of Pauling's critics, including scientists who appreciated the contributions that he had made in chemistry, 
disagreed with his political positions and saw him as a naive spokesman for Soviet communism. He was ordered to 
appear before the Senate Internal Security Subcommittee, which termed him "the number one scientific name in 
virtually every major activity of the Communist peace offensive in this country." An extraordinary headline in Life 
magazine characterized his 1962 Nobel Prize as "A Weird Insult from Norway". Pauling was awarded the 
International Lenin Peace Prize by the USSR in 1970. [49] 
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In the mid-1930s, Pauling, strongly influenced by the biologically oriented funding priorities of the Rockefeller 
Foundation's Warren Weaver, decided to strike out into new areas of interest. Although Pauling's early interest had 
focused almost exclusively on inorganic molecular structures, he had occasionally thought about molecules of 
biological importance, in part because of Caltech's growing strength in biology. Pauling interacted with such great 
biologists as Thomas Hunt Morgan, Theodosius Dobzhanski, Calvin Bridges, and Alfred Sturtevant. His early work 
in this area included studies of the structure of hemoglobin. He demonstrated that the hemoglobin molecule changes 
structure when it gains or loses an oxygen atom. As a result of this observation, he decided to conduct a more 
thorough study of protein structure in general. He returned to his earlier use of X-ray diffraction analysis. But protein 
structures were far less amenable to this technique than the crystalline minerals of his former work. The best X-ray 
pictures of proteins in the 1930s had been made by the British crystallographer William Astbury, but when Pauling 
tried, in 1937, to account for Astbury's observations quantum mechanically, he could not. 

It took eleven years for Pauling to explain the problem: his mathematical analysis was correct, but Astbury's pictures 
were taken in such a way that the protein molecules were tilted from their expected positions. Pauling had 
formulated a model for the structure of hemoglobin in which atoms were arranged in a helical pattern, and applied 
this idea to proteins in general. 

In 1951, based on the structures of amino acids and peptides and the planarity of the peptide bond, Pauling, Robert 
Corey, and Herman Branson correctly proposed the alpha helix and beta sheet as the primary structural motifs in 
protein secondary structure. This work exemplified Pauling's ability to think unconventionally; central to the 
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structure was the unorthodox assumption that one turn of the helix may well contain a non-integral number of amino 
acid residues. 

Pauling then proposed that deoxyribonucleic acid (DNA) was a triple helix; [50] however, his model contained several 
basic mistakes, including a proposal of neutral phosphate groups, an idea that conflicted with the acidity of DNA. Sir 
Lawrence Bragg had been disappointed that Pauling had won the race to find the alpha helix structure of proteins. 
Bragg's team had made a fundamental error in making their models of protein by not recognizing the planar nature of 
the peptide bond. When it was learned at the Cavendish Laboratory that Pauling was working on molecular models 
of the structure of DNA, Watson and Crick were allowed to make a molecular model of DNA using unpublished 
data from Maurice Wilkins and Rosalind Franklin at King's College. Early in 1953 James D. Watson and Francis 
Crick proposed a correct structure for the DNA double helix. Pauling later cited several reasons to explain how he 
had been misled about the structure of DNA, among them misleading density data and the lack of high quality X-ray 
diffraction photographs. During the time Pauling was researching the problem, Rosalind Franklin in England was 
creating the world's best images. They were key to Watson's and Crick's success. Pauling did not see them before 
devising his mistaken DNA structure, although his assistant Robert Corey did see at least some of them, while taking 
Pauling's place at a summer 1952 protein conference in England. Pauling had been prevented from attending because 
his passport was withheld by the State Department on suspicion that he had Communist sympathies. This led to the 
legend that Pauling missed the structure of DNA because of the politics of the day (this was at the start of the 
McCarthy period in the United States).' 51 "' Politics did not, however, play a critical role. Not only did Corey see the 
images at the time, but Pauling himself regained his passport within a few weeks and toured English laboratories 
well before writing his DNA paper. He had ample opportunity to visit Franklin's lab and see her work, but chose not 
to. [52] 

Pauling also studied enzyme reactions and was among the first to point out that enzymes bring about reactions by 
stabilizing the transition state of the reaction, a view which is central to understanding their mechanism of action. He 
was also among the first scientists to postulate that the binding of antibodies to antigens would be due to a 
complementarity between their structures. Along the same lines, with the physicist turned biologist Max Delbruck, 
he wrote an early paper arguing that DNA replication was likely to be due to complementarity, rather than similarity, 
as suggested by a few researchers. This was made clear in the model of the structure of DNA that Watson and Crick 
discovered. 

Molecular genetics 

In November 1949, Linus Pauling, Harvey Itano, S. J. Singer and Ibert Wells published "Sickle Cell Anemia, a 
Molecular Disease" in the journal Science. It was the first proof of a human disease caused by an abnormal 
protein, and sickle cell anemia became the first disease understood at the molecular level. Using electrophoresis, they 
demonstrated that individuals with sickle cell disease had a modified form of hemoglobin in their red blood cells, 
and that individuals with sickle cell trait had both the normal and abnormal forms of hemoglobin. This was also the 
first demonstration that Mendelian inheritance determined the specific physical properties of proteins, not simply 
their presence or absence — the dawn of molecular genetics. 

Molecular medicine and medical research 

In 1941, at age 40, Pauling was diagnosed with Bright's disease, a renal disease. Experts believed then that Bright's 
disease was unbeatable. With the help of Dr. Thomas Addis at Stanford, Pauling was able to control the disease with 
Addis' then unusual, low protein, salt-free diet. Addis also prescribed vitamins and minerals for all his patients. 

In 1951, Pauling gave a lecture entitled, "Molecular Medicine". ^ In the late 1950s, Pauling worked on the role of 
enzymes in brain function, believing that mental illness may be partly caused by enzyme disfunction. It wasn't until 
he read "Niacin Therapy in Psychiatry" by Abram Hoffer in 1965 that he realized that vitamins might have important 
biochemical effects unrelated to their prevention of associated deficiency diseases. Pauling published a brief paper, 
"Orthomolecular psychiatry", in the journal Science in 1968 (PMID 5641253) that gave name and principle to the 
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popular but controversial megavitamin therapy movement of the 1970s. Pauling coined the term "orthomolecular" to 
refer to the practice of varying the concentration of substances normally present in the body to prevent and treat 
disease. His ideas formed the basis of orthomolecular medicine, which is not generally practiced by conventional 
medical professionals and is strongly criticized by someJ 55 ^ ' 56 ^ 

Pauling's work on vitamin C in his later years generated much controversy. He was first introduced to the concept of 
high-dose vitamin C by biochemist Irwin Stone in 1966. After becoming convinced of its worth, Pauling took 3 
grams of vitamin C every day to prevent colds (Dunitz 1996:333). Excited by the results, he researched the clinical 
literature and published Vitamin C and the Common Cold in 1970. He began a long clinical collaboration with the 
British cancer surgeon Ewan Cameron in 1971 on the use of intravenous and oral vitamin C as cancer therapy for 
terminal patients. Cameron and Pauling wrote many technical papers and a popular book, "Cancer and Vitamin 
C", that discussed their observations. Pauling made vitamin C popular with the public, but the medical establishment 
regarded his claims that vitamin C could prevent colds and cure cancer as quackery (Dunitz 1996:333), and 
considered the case closed after two randomized trials conducted by the Mayo Clinic and published in the New 

rcon 

England Journal of Medicine failed to replicate Pauling's study, which found that vitamin C supplementation 

[59] 

lengthened survival times significantly. Pauling denounced the conclusions of these studies and handling of the 
final study as "fraud and deliberate misrepresentation."^ 60 ^ ^ 61 ^ Pauling's original study, based on the observational 
studies of intravenous vitamin C by McCormick and Klenner, used intravenous vitamin C for the first ten days, but 
the randomized trials did not. Pauling published critiques of the second Mayo-Moertel cancer trial's flaws over 
several years as he was able to slowly unearth some of the trial's undisclosed details. ^ However, the wave of 
adverse publicity generated by Moertel and the media effectively undercut Pauling's credibility and his vitamin C 
work for a generation,^ and the oncological mainstream continued with other avenues of treatment J 64 ^ Always 
precariously perched since his molecular biologically inspired crusade to stop atmospheric nuclear testing in the 
1950sJ 65 ^ the 1985 Mayo-Moertel confrontation left Pauling isolated from his institutional funding sources, 
academic support and a bemused public. However, Pauling did have allies in his cause to promote vitamin C. He 
worked with The Institutes for the Achievement of Human Potential, an organization that treats brain-injured 
children, to advocate the use of the vitamin."^ He later collaborated with the Canadian physician Abram Hoffer on 
a micronutrient regimen, including high-dose vitamin C, as adjunctive cancer therapy/ 67 ^ Of late the "connection 
between vitamin C and cancer has become a respectable topic", and it was the subject of a Washington DC NIH 
conference in 1990 (Dunitz 1996:334). 

As of 2007, new evidence was proposed by a Canadian group showing 
that intravenous vitamin C can achieve plasma concentrations up to 
70-fold higher than oral vitamin C.' 68 ^ The selective toxicity of vitamin 
C for cancer cells has been demonstrated in-vitro (i.e., in a cell culture 
Petri dish), and was reported in 2005. ^ The combination of 
case-report data and preclinical information suggest biological 
plausibility and the possibility of clinical efficacy at the possible 
expense of critical toxicity at active doses; future clinical testing will 
ultimately determine the utility and safety of intravenous high-dose 
vitamin C treatments for patients with cancer. Though limited in scope, 
researchers also observed longer-than expected survival times in three 
patients treated with high doses of intravenous vitamin C.^ 70 ^ The 
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researchers are reportedly planning a new Phase I clinical trial 



[71] 



With two colleagues, Pauling founded the Institute of Orthomolecular 
Medicine in Menlo Park, California, in 1973, which was soon renamed 



Linus Pauling's book How to Live Longer and 
Feel Better, advocated very high intake of 
vitamins. 



the Linus Pauling Institute of Science and Medicine. Pauling directed research on vitamin C, but also continued his 
theoretical work in chemistry and physics until his death. In his last years, he became especially interested in the 
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possible role of vitamin C in preventing atherosclerosis and published three case reports on the use of lysine and 
vitamin C to relieve angina pectoris. In 1996, the Linus Pauling Institute moved from Palo Alto, California, to 
Corvallis, Oregon, to become part of Oregon State University, where it continues to conduct research on 
micronutrients, phytochemicals (chemicals from plants), and other constituents of the diet in preventing and treating 
disease. Several of the employees that had previously worked at the Linus Pauling Institute in Palo Alto moved on to 
form the Genetic Information Research Institute. 

Nature of the chemical bond 

In the late 1920s Pauling began publishing papers on the nature of the chemical bond, leading to his famous textbook 

on the subject published in 1939. It is based primarily on his work in this area that he received the Nobel Prize in 

Chemistry in 1954 "for his research into the nature of the chemical bond and its application to the elucidation of the 

structure of complex substances". Pauling summarized his work on the chemical bond in The Nature of the Chemical 

172] 

Bond, one of the most influential chemistry books ever published. In the 30 years after its first edition was 
published in 1939, the book was cited more than 16,000 times. Even today, many modern scientific papers and 
articles in important journals cite this work, more than half a century after first publication. 

Part of Pauling's work on the nature of the chemical bond led to his introduction of the concept of orbital 
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hybridization. While it is normal to think of the electrons in an atom as being described by orbitals of types such 
as s and p, it turns out that in describing the bonding in molecules, it is better to construct functions that partake of 
some of the properties of each. Thus the one 2s and three 2p orbitals in a carbon atom can be combined to make four 
equivalent orbitals (called sp 3 hybrid orbitals), which would be the appropriate orbitals to describe carbon 
compounds such as methane, or the 2s orbital may be combined with two of the 2p orbitals to make three equivalent 
orbitals (called sp 2 hybrid orbitals), with the remaining 2p orbital unhybridized, which would be the appropriate 
orbitals to describe certain unsaturated carbon compounds such as ethylene. Other hybridization schemes are also 
found in other types of molecules. 

Another area which he explored was the relationship between ionic bonding, where electrons are transferred between 
atoms, and covalent bonding where electrons are shared between atoms on an equal basis. Pauling showed that these 
were merely extremes, between which most actual cases of bonding fall. It was here especially that Pauling's 
electronegativity concept was particularly useful; the electronegativity difference between a pair of atoms will be the 
surest predictor of the degree of ionicity of the bond. [74] 

The third of the topics that Pauling attacked under the overall heading of "the nature of the chemical bond" was the 
accounting of the structure of aromatic hydrocarbons, particularly the prototype, benzene. The best description of 
benzene had been made by the German chemist Friedrich Kekule. He had treated it as a rapid interconversion 
between two structures, each with alternating single and double bonds, but with the double bonds of one structure in 
the locations where the single bonds were in the other. Pauling showed that a proper description based on quantum 
mechanics was an intermediate structure which was a blend of each. The structure was a superposition of structures 
rather than a rapid interconversion between them. The name "resonance" was later applied to this phenomenon. [76] In 
a sense, this phenomenon resembles that of hybridization, described earlier, because it involves combining more than 
one electronic structure to achieve an intermediate result. 
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Structure of the atomic nucleus 

On September 16, 1952, Pauling opened a new research notebook with these words '7 have decided to attack the 
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problem of the structure of nuclei." On October 15, 1965, Pauling published his Close-Packed Spheron Model of 
the atomic nucleus in two well respected journals, Science, and Proc. Natl. Acad. Sci.. For nearly three decades, 
until his death in 1994, Pauling published numerous papers on his spheron cluster modelJ 79 ^ ^ ' 81 ^ ' 82 ^ ' 83 ^ ^ 

Few modern text books on nuclear physics discuss the Pauling Spheron Model of the Atomic Nucleus, yet it 
provides a unique perspective, well published in the leading journals of science, on how fundamental "clusters of 
nucleons" can form shell structure in agreement with recognized theory of quantum mechanics. Pauling was well 
versed in quantum mechanics; he co-authored one of the first textbooks on the subject, Introduction to Quantum 
Mechanics with Applications to Chemistry. In a 2006 review of models of atomic nuclei, Norman D. Cook said of 
the Pauling Spheron Model: "...the model leads to a rather common-sense molecular build-up of nuclei and has an 
internal logic that is hard to deny. ..however, despite two decades of advocacy by Pauling, nuclear theorists have not 
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elaborated on the idea of nucleon spherons, and Pauling's model has not entered mainstream nuclear theory. 
Taken at face value, the conclusions of Norman Cook imply that the 1965 Pauling Spheron Model of the atomic 
nucleus has simply been ignored. 

The Pauling spheron nucleon clusters include the deuteron[NP], helion [PNP], and triton [NPN]. Even-even nuclei 
were described as being composed of clusters of alpha particles, as has often been done for light nuclei. He made an 
effort to derive the shell structure of nuclei from the Platonic solids rather than starting from an independent particle 
model as in the usual shell model. It was sometimes said at that time that this work received more attention than it 
would have if it had been done by a less famous person, but more likely Pauling was taking a unique approach to 
understanding the relatively new discovery in the late 1940s of Maria Goeppert-Mayer of structure within the 
nucleus. In an interview given in 1990 Pauling commented on his model: ^ 

Now recently, I have been trying to determine detailed structures of atomic nuclei by analyzing the ground state and excited state vibrational 
bends, as observed experimentally. From reading the physics literature, Physical Review Letters and other journals, I know that many 
physicists are interested in atomic nuclei, but none of them, so far as I have been able to discover, has been attacking the problem in the same 
way that I attack it. So I just move along at my own speed, making calculations... 



Legacy 

Pauling died of prostate cancer on August 19, 1994, at 7:20 PM at home in Big Sur, California. He was 93 years 
old/ 87 ^ ' 88 ^ A grave marker for him is in Oswego Pioneer Cemetery in Lake Oswego, Oregon J 88 ^ ' 89 ^ 

Pauling was included in a list of the 20 greatest scientists of all time by the magazine New Scientist, with Albert 
Einstein being the only other scientist from the twentieth century on the list. Gautam R. Desiraju, the author of the 
Millennium Essay in Nature/ ^ claimed that Pauling was one of the greatest thinkers and visionaries of the 
millennium, along with Galileo, Newton, and Einstein. Pauling is notable for the diversity of his interests: quantum 
mechanics, inorganic chemistry, organic chemistry, protein structure, molecular biology, and medicine. In all these 
fields, and especially on the boundaries between them, he made decisive contributions. His work on chemical 
bonding marks the beginning of modern quantum chemistry, and many of his contributions like hybridization and 
electronegativity have become part of standard chemistry textbooks. His valence bond approach fell short of 
accounting quantitatively for some of the characteristics of molecules, such as the paramagnetic nature of oxygen 
and the color of organometallic complexes, and would later be superseded by the Molecular Orbital Theory of 
Robert Mulliken. However, the Valence Bond theory still exists in its modern form and competes with the Molecular 
Orbital Theory and Density Functional Theory (DFT) for describing the chemical phenomena/ 91 ^ Pauling's work on 
crystal structure contributed significantly to the prediction and elucidation of the structures of complex minerals and 
compounds. His discovery of the alpha helix and beta sheet is a fundamental foundation for the study of protein 
structure. 
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Francis Crick acknowledged Pauling as the "father of molecular biology". His discovery of sickle cell anemia as a 
"molecular disease" opened the way toward examining genetically acquired mutations at a molecular level. 

Pauling's work on the molecular basis of disease and its treatment is being carried on by a number of researchers, 
notably those at the Linus Pauling Institute, which lists a dozen principal investigators and faculty who study the role 
of micronutrients and phytochemicals in health and disease. 

Items named after Pauling include "Pauling" street located in Foothill Ranch, California (notably once home to 
vitamin C/Emergen-C maker Alacer Corp. Founder Jay Patrick was a friend of Linus Pauling.), Linus Pauling Drive 
in Hercules, California, Linus and Eva Helen Pauling Hall at Soka University of America in Aliso Viejo, California, 
Linus Pauling Middle School in Corvallis, Oregon, and Pauling Field a small airfield located in Condon, Oregon. Dr. 
Pauling spent his youth in Condon. Additionally, one wing of the Valley Library at Oregon State University bears 
his name. 
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Linus Torvalds, developer of the Linux kernel, is named after Pauling. 
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On March 6, 2008, the United States Postal Service released a 41 cent stamp honoring Pauling. His description 
reads: "A remarkably versatile scientist, structural chemist Linus Pauling (1901-1994) won the 1954 Nobel Prize in 
Chemistry for determining the nature of the chemical bond linking atoms into molecules. His work in establishing 
the field of molecular biology; his studies of hemoglobin led to the classification of sickle cell anemia as a molecular 
disease." The other scientists on this sheet include Gerty Cori, biochemist, Edwin Hubble, astronomer, and John 
Bardeen, physicist. 

California Governor Arnold Schwarzenegger and First Lady Maria Shriver announced on May 28, 2008 that Pauling 
would be inducted into the California Hall of Fame, located at The California Museum for History, Women and the 
Arts. The induction ceremony was scheduled to take place December 15, 2008. Pauling's son was asked to accept the 
honor in his place. 

Pauling appears in the 2006 novel Visibility by Boris Starling, who later named his son Linus. 



Honors and awards 

Pauling received numerous awards and honors during his career. Following are awards and honors he has 
received^ ' 

• 1931 Langmuir Prize, American Chemical Society 

• 1941 Nichols Medal, New York Section, American Chemical Society 

• 1947 Davy Medal, Royal Society 

• 1948 United States Presidential Medal for Merit 

• 1952 Pasteur Medal, Biochemical Society of France 

• 1954 Nobel Prize in Chemistry 

• 1955 Addis Medal, National Nephrosis Foundation 

• 1955 Phillips Memorial Award, American College of Physicians 

• 1956 Avogadro Medal, Italian Academy of Science 

• 1 957 Paul Sabatier Medal 

• 1957 Pierre Fermat Medal in Mathematics 

• 1957 International Grotius Medal 

• 1961 Humanist of the Year, American Humanist Association 

• 1 962 Nobel Peace Prize 

• 1965 Republic of Italy 

• 1965 Medal, Academy of the Rumanian People's Republic 

• 1966 Linus Pauling Medal 

• 1966 Silver Medal, Institute of France 
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• 1966 Supreme Peace Sponsor, World Fellowship of Religion 

• 1968 Lenin Peace Prize 

• 1 972 United States National Medal of Science 

• 1972 International Lenin Peace Prize 

• 1977 Lomonosov Gold Medal, USSR Academy of Science 

• 1979 Medal for Chemical Sciences, National Academy of Science 

• 1984 Priestley Medal, American Chemical Society 

• 1984 Award for Chemistry, Arthur M. Sackler Foundation 

• 1987 Award in Chemical Education, American Chemical Society 

• 1989 Vannevar Bush Award, National Science Boardv 

• 1990 Richard C. Tolman Medal, Southern California, Section, American Chemical Society 

• 2008 "American Scientists" US stamp series, $0.41, for his sickle cell disease work 



Publications 

• Pauling, L. The Nature of the Chemical Bond. Cornell University Press ISBN 0-8014-0333-2 
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• Manuscript notes and typescripts (clear images) 

• Pauling, L., and Wilson, E. B. Introduction to Quantum Mechanics with Applications to Chemistry (Dover 
Publications) ISBN 0-486-64871-0 

• Pauling, L. Vitamin C, the Common Cold and the Flu (W.H. Freeman and Company) ISBN 0-7167-0360-2 

• Cameron E. and Pauling, L. Cancer and Vitamin C: A Discussion of the Nature, Causes, Prevention, and 
Treatment of Cancer With Special Reference to the Value of Vitamin C (Camino Books) ISBN 0-940159-21-X 

• Pauling, L. How to Live Longer and Feel Better (Avon Books) ISBN 0-380-70289-4 

• Pauling, L. Linus Pauling On Peace - A Scientist Speaks Out on Humanism and World Survival (Rising Star 
Press) ISBN 0-933670-03-6 

• Pauling, L. General Chemistry (Dover Publications) ISBN 0-486-65622-5 

• A Lifelong Quest for Peace with Daisaku Ikeda 

• Pauling, L. The Architecture of Molecules 

• Pauling, L. No More War! 

• Abram Hoffer and Pauling, L. Healing Cancer. Complementary Vitamin & Drug Treatments (CCNM Press Inc.) 



See also 

• 1920 US Census with Pauling in Portland, Oregon 



References 

• Dunitz, Jack D. (November 1996). "Linus Carl Pauling, February 28, 1901-August 19, 1994" [96] ( - Scholar searcl 
[97] ). Biographical Memoirs of Fellows of the Royal Society 42: 316-338. doi:10.1098/rsbm.l996.0020 [98] . 

• Goertzel, Ted; Ben Goertzel (1995). Linus Pauling: A Life in Science and Politics. Basic Books. ISBN 
0465006728. 

• Hager, Thomas (1995). Force of Nature: The Life of Linus Pauling. Simon & Schuster. ISBN 0684809095. 

• Hager, Thomas (1998). Linus Pauling and the Chemistry of Life. Oxford University Press. ISBN 0195139720. 

• Marinacci, Barbara; Ramesh Krishnamurthy (1998). Linus Pauling on Peace. Rising Star Press. ISBN 
0933670036. 

• Mead, Clifford; Thomas Hager (eds.) (2001). Linus Pauling: Scientist and Peacemaker. Oregon State University 
Press. ISBN 0870714899. 

• Serafini, Anthony (1989). Linus Pauling: A Man and His Science. Paragon House. ISBN 155778440X. 



Linus Pauling 



68 



Further reading 

• Patrick Coffey, Cathedrals of Science: The Personalities and Rivalries That Made Modern Chemistry, Oxford 
University Press, 2008. ISBN 978-0-19-532134-0 



External links 
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• Linus Pauling Online a Pauling portal created by Oregon State University Libraries 

• Francis Crick: The Impact of Linus Pauling on Molecular Biology (transcribed video from the 1995 Oregon State 
University symposium) [86 - 1 

• The Ava Helen and Linus Pauling Papers at the Oregon State University Libraries [100] 

• The Pauling Catalogue ^ 

• The Pauling Blog [102] 

• Linus Pauling (1901-1994) [103] 

• National Academy of Sciences biography [104] 

• Caltech oral history interview [105] 

• Berkeley Conversations With History interview 

• Linus Pauling Centenary Exhibit ^ 107 ^ 

• Linus Pauling from The Dictionary of Unitarian and Universalist Biography ^ 108 ^ 

• Linus Pauling Investigates Vitamin C [109] 

• The Linus Pauling Institute [110] at Oregon State University and 

• The Many Lives of Linus Pauling: A Review of Reviews J. Chem. Educ. [1U] 

• Pauling's CV [112] 

• Publications of Pauling ^ 113 ^ 

• Linus and Ava Helen Pauling Hall '- 114 -' at Soka University of America, devoted to pacifism in global citizenship. 

• Works by or about Linus Pauling [115] in libraries (WorldCat catalog) 
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Johnjoe McFadden 


Born 


17 May 1956 
Donegal, Ireland 


Residence 


WIS UK 


Ethnicity 


| | Irish 


Fields 


Biologist 


Institutions 


University of Surrey 

St Mary's Hospital Medical 

School 

St George's, University of London 


Alma mater 


Imperial College London 


Doctoral advisor 


Ken Buck 


Known for 


Diagnosis of meningitis 



Johnjoe McFadden (born 17 May 1956 in Donegal, Ireland) is an Irish / British scientist, academic and writer. He 
is Professor of Molecular Genetics at the University of Surrey, United Kingdom. 

Life 

He was born in Donegal, Ireland but raised in the UK. He has joint British/Irish Nationality. 

He obtained his BSc in Biochemistry University of London in 1977 and his PhD at Imperial College London in 
1982. He went on to work on human genetic diseases and then infectious diseases, at St Mary's Hospital Medical 
School, London (1982-84) and St George's Hospital Medical School, London (1984-88) and then at the University of 
Surrey in Guildford, UK. 

For more than a decade, McFadden has specialised in examining the genetics of microbes such as the agents of 
tuberculosis and meningitis and invented a test for the diagnosis of meningitis. 

He has published more than 100 articles in scientific journals on subjects as wide-ranging as bacterial genetics, 
tuberculosis, idiopathic diseases and computer modelling of evolution. He has contributed to more than a dozen 
books and has edited a book on the genetics of mycobacteria. 

He produced a widely reported artificial life computer model which modelled evolution in organisms. 

He has lectured extensively in the UK, Europe, the USA and Japan and his work has been featured in radio, 
television and national newspaper articles particularly for the Guardian. His present post, which he has held since 
2001, is Professor of Molecular Genetics at the University of Surrey. 

Living in London, he is married and has one son. 



Johnjoe McFadden 



73 



Writing 

McFadden wrote the popular science book, Quantum Evolution (see wikipedia article Quantum evolution 
(alternative) for details of this concept), published in the UK by HarperCollins in 2001, in the US by Norton in 2002 
and currently being translated for publication by Kyoritsu Shuppan in Japan in 2003. The book examines the role of 
quantum mechanics in life, evolution and consciousness. 

McFadden regularly writes articles for The Guardian newspaper in the UK, on topics as varied as quantum 
mechanics, evolution and genetically modified crops, and has reviewed books there. The Washington Post and 
Frankfurter Allgemeine Sonntagszeitung have also published articles written by him. 

See also 

• Quantum Aspects of Life 

References 

• Johnjoe Mcfadden's Homepage at Surrey University 
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• Johnjoe McFadden's Machines Like Us interview 

• School of Biomedical and Molecular Sciences at University of Surrey Professor Johnjoe McFadden 

• Curriculum Vitae [4] 

• Quantum Evolution [5] - Explore the role of quantum mechanics in life, evolution and consciousness (includes 
excerpts from the book, Quantum Evolution.) 
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William L. Bragg in 1915 




Born 


31 March 1890 

North Adelaide, South Australia 


Died 


1 July 1971 (aged 81) 

Waldringfield, Ipswich, Suffolk, England 


Nationality 


United Kingdom 


Institutions 


University of Manchester 
University of Cambridge 


Alma mater 


University of Adelaide 
University of Cambridge 


Doctoral advisor 
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W.H. Bragg 


Doctoral students 


John Crank 

Ronald Wilfried Gumey 


Known for 


X-ray diffraction 
Bragg's Law 


Notable awards 


Nobel Prize in Physics (1915) 


Notes 

At 25, the youngest person ever to receive a Nobel Prize. He was the son of W.H. Bragg. Note that the PhD did not exist at Cambridge 
until 1919, and so J. J. Thomson and W.H. Bragg were his equivalent mentors. 



Sir William Lawrence Bragg, CH, OBE, MC, FRS (31 March 1890- 1 July 1971) was an English physicist who 
shared the Nobel Prize in Physics in 1915 with his father Sir William Henry Bragg. He is, to date, the youngest 
Nobel laureate. He was the director of the Cavendish Laboratory, Cambridge when the epochal discovery of the 
structure of DNA was made by James D. Watson and Francis Crick in February 1953. 
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Biography 
Early years 

Bragg was born in North Adelaide, South Australia. He was an impressionable boy and showed an early interest in 
science and mathematics. His father, William Henry Bragg, was Elder Professor of Mathematics and Physics at the 
University of Adelaide. Shortly after starting school aged 5, William Lawrence Bragg fell from his tricycle and 
broke his arm. His father, who had read about Rontgen's experiments in Europe and was performing his own 
experiments, used the newly discovered X-rays and his experimental equipment to examine the broken arm. This is 
the first recorded surgical use of X-rays in Australia. 

Bragg was a very able student. After beginning his studies at St Peter's College, in 1904 he went to the University of 
Adelaide at age 14 to study mathematics, chemistry and physics, graduating in 1908. In the same year his father 
accepted the Cavendish chair of physics at the University of Leeds, and brought the family back to England. Bragg 
entered Trinity College, Cambridge in the autumn of 1909 and received a major scholarship in mathematics, despite 
taking the exam while in bed with pneumonia. After initially excelling in mathematics, he transferred to the physics 
course in the later years of his studies, and graduated in 1911. 

Career 

Work on X-ray crystallography 

Bragg is most famous for his law on the diffraction of X-rays by crystals. Bragg's law makes it possible to calculate 
the positions of the atoms within a crystal from the way in which an X-ray beam is diffracted by the crystal lattice. 
He made this discovery in 1912, during his first year as a research student in Cambridge. He discussed his ideas with 
his father, who developed the X-ray spectrometer in Leeds. This tool allowed many different types of crystals to be 
analyzed. The collaboration between father and son led many people to believe that the father had initiated the 
research, a fact that upset the son. 

Work on sound ranging 

Bragg's research work was interrupted by both World War I and World War II. During both wars he worked on 
sound ranging methods for locating enemy guns, in this work he was aided by William Sansome Tucker, Harold 
Roper Robinson and Henry Harold Hemming. For his work during WWI he was awarded the Military Cross 
(London Gazette, 1 January 1918) and appointed an Officer of the British Empire (London Gazette, 15 March 1918). 
He was also mentioned in dispatches on 16 June 1916, 4 January 1917 and 7 July 1919. 

In autumn 1915 his brother was killed at Gallipoli. At about the same time, William Lawrence Bragg received the 
news that he received the Nobel Prize in Physics, aged 25, making him the youngest ever winner of a Nobel Prize. 

Between the wars, from 1919 to 1937, he worked at the Victoria University of Manchester as Langworthy Professor 
of Physics. 

After World War II, he returned to Cambridge, splitting the Cavendish Laboratory into research groups. He believed 
that "the ideal research unit is one of six to twelve scientists and a few assistants". 
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Work on proteins 

In 1948 he became interested in the structure of proteins and was partly responsible for creating a group that used 
physics to solve biological problems. He played a major part in the 1953 discovery of the structure of DNA, in that 
he provided support to Francis Crick and James D. Watson who worked under his aegis at the Cavendish. 

Bragg's original announcement of the discovery of the structure of DNA was made at a Solvay conference on 
proteins in Belgium on 8 April 1953 but went unreported by the press, he then gave a talk at Guys Hospital Medical 
School in London on Thursday, May 14, 1953 which resulted in an article by Ritchie Calder in The News Chronicle 
of London, on Friday, May 15, 1953, entitled "Why You Are You. Nearer Secret of Life." 

Bragg was gratified to see that the X-ray method that he developed forty years before was at the heart of this 
profound insight into the nature of life itself. At the same time at the Cavendish Max Perutz was also doing his 
Nobel Prize winning work on the structure of hemoglobin. Bragg subsequently successfully lobbied for and 
nominated Crick, Watson and Maurice Wilkins for the 1962 Nobel Prize in Physiology or Medicine; Wilkins' share 
recognized the contribution made by researchers (using X-ray crystallography) at King's College London to the 
determination of the structure of DNA. Among those researchers was Rosalind Franklin, whose "Photograph 51" 
showed that DNA was a double helix, not a triple helix as Linus Pauling had proposed. Franklin died before the prize 
(which only goes to living people) was awarded. 

Personal life 

He married Alice Hopkinson in 1921. They had four children, Stephen Lawrence, David William, Margaret Alice 
and Patience Mary. He died at a hospital near his home at Waldringfield, Ipswich, Suffolk. 

William Lawrence Bragg's hobbies included painting, literature and a life-long interest in gardening. When he 
moved to London, he missed having a garden and so worked as a part-time gardener, unrecognised by his employer, 
until a guest at the house expressed surprise at seeing him there. 

Honours and awards 

He was knighted by King George VI in 1941 and received both the Copley Medal and the Royal Medal of the 
Royal Society. In 1967 was made a Companion of Honour by the Queen Elizabeth II. 

Since 1992 the Australian Institute of Physics has awarded the Bragg Gold Medal for Excellence in Physics to 
commemorate Sir Lawrence Bragg (in front on the medal) and his father Sir William Bragg for the best PhD thesis 
by a student at an Australian university. 

• Nobel Prize (1915) 

• Matteucci Medal (1915) 

• Hughes Medal (1931) 

• Royal Medal (1946) 

• Copley Medal (1966) 
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Quotations 

"The gift of expression is important to them as scientists; the best research is wasted when it is extremely difficult to 
discover what it is all about ... It is even more important when scientists are called upon to play their part in the 
world of affairs, as is happening to an increasing extent."' 4 -' 



Books containing references to Sir Lawrence Bragg 

• Biography: Hunter, Graeme. Light Is A Messenger, the Life and Science of William Lawrence Bragg, ISBN 
0-1 9-85292 1-X; Oxford University Press, 2004. 

• John Finch; 'A Nobel Fellow On Every Floor', Medical Research Council 2008, 381 pp, ISBN 978-1840469-40-0; 
this book is all about the MRC Laboratory of Molecular Biology, Cambridge. 

• Ridley, Matt; Francis Cr* ick: Discoverer of the Genetic Code (Eminent Lives), first published in July 2006 in the 
USA and then in the UK. September 2006, by HarperCollins Publishers; 192 pp, ISBN 0-06-082333-X; [This 
short book is in the publisher's "Eminent Lives" series.] 

• John Jenkin: "William and Lawrence Bragg, Father and Son: The Most Extraordinary Collaboration in Science", 
Oxford University Press, 2008. 



See also 

• 'Death' of DNA Helix (crystalline) joke funeral card. 

• Tactical Artillery Terms from World War I 



External links 

• [13] First press stories on DNA 

• Nobelprize.org - The Nobel Prize for Physics in 1915 ^ 

• Nobel Biography [6] 
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• A collection of digitized materials related to Bragg's and Linus Pauling's structural chemistry research. 

rsi 

• Key Participants: Sir William Lawrence Bragg - Linus Pauling and the Race for DNA: A Documentary History 

• NOVA Episode on Photograph 5 1 [146] 

• Oral History interview transcript with William Lawrence Bragg 20 June 1969, American Institute of Physics, 

rm 

Niels Bohr Library and Archives 
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Born 


30 September 1905 
Leeds, England 


Died 


8 August 1996 (aged 90) 

Milton Keynes, Buckinghamshire, England 


Nationality 


United Kingdom 


Fields 


Physics 


Institutions 


University of Manchester 

Gonville and Caius College, Cambridge 

University of Bristol 


Alma mater 


St John's College, Cambridge 


Notable awards 


Nobel Prize in Physics (1977) 



Sir Nevill Francis Mott, CH, FRS (30 September 1905 - 8 August 1996) was an English physicist. He won the 
Nobel Prize for Physics in 1977 for his work on the electronic structure of magnetic and disordered systems. The 
award was shared with Philip W. Anderson and J. H. Van Vleck, who had pursued independent research. 



Biography 
Early years 

Mott was born in Leeds to Lilian Mary Reynolds and Charles Francis Mott. and grew up first in the village of 
Giggleswick, in the West Riding of Yorkshire, where his father was Senior Science Master at the local school. It was 
a generally secular childhood. The family moved (due to his father's jobs) first to Staffordshire, then to Chester and 
finally Liverpool, where his father had been appointed Director of Education. Mott was at first educated at home by 
his mother, who was a Cambridge Mathematics Tripos graduate. His parents had actually met in the Cavendish 
Laboratory, when both engaged in Physics research. At ten years of age he began formal education at Clifton 
College in Bristol, then at St. John's College, Cambridge. 
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Career 

Mott was appointed to a lecturership at Manchester University in 1929. He returned to Cambridge in 1930 as a 
Fellow and lecturer of Gonville and Caius College and in 1933 moved to Bristol University as Melville Wills 
Professor in Theoretical Physics. 

In 1948 he became Henry Overton Wills Professor of Physics and Director of the Henry Herbert Wills Physical 
Laboratory at Bristol. In 1954 he was appointed Cavendish Professor of Physics at Cambridge, a post he held until 
1971. Additionally he served as Master of Gonville and Caius College, 1959-1966. 

Mott's accomplishments include explaining theoretically the effect of light on a photographic emulsion (see latent 
image) and outlining the transition of substances from metallic to nonmetallic states (Mott transition). The term Mott 
insulator is also named for him. 

Mott was elected a Fellow of the Royal Society in 1936. Mott served as president of the Physical Society in 1957. In 
the early 1960s he was chairman of the British Pugwash group. He was knighted in 1962.[1] He continued to work 
until he was about ninety. He was made a Companion of Honour in 1995. 

Personal life 

Mott was married to Ruth Eleanor Horder, and had two daughters, Elizabeth and Alice. He died in Milton Keynes in 
Buckinghamshire. 

Bibliography 

• N. F. Mott, Metal-Insulator Transitions, second edition (Taylor & Francis, London, 1990). ISBN 0850667836, 
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• N. F. Mott, A Life in Science, (Taylor & Francis, London, 1986). ISBN 0850663334, ISBN 978-0850663334 
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Erwin Rudolf Josef Alexander 

Schrodinger 

12 August 1887 

Erdberg de, Vienna, Austria-Hungary 


Died 


4 January 1961 (aged 73) 
Vienna, Austria 


Citizenship 


Austria, Germany, Ireland 


Nationality 


Austria 


Fields 


Physics 


Institutions 


University of Breslau 
University of Zurich 
Humboldt University of Berlin 
University of Oxford 
University of Graz 

Dublin Institute for Advanced Studies 
Ghent University 


Alma mater 


University of Vienna 


Doctoral advisor 


Friedrich Hasenohrl 


Other academic advisors 


Franz S. Exner 
Friedrich Hasenohrl 


Notable students 


Linus Pauling 
Felix Bloch 


Known for 


Schrodinger equation 
Schrodinger's cat 
Schrodinger method 
Schrodinger functional 
Schrodinger picture 
Schrodinger-Newton equations 
Schrodinger field 

Ray leigh- S chrodinger perturbation 
Schrodinger logics 
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Nobel Prize in Physics (1933) 
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Erwin Rudolf Josef Alexander Schrodinger (German 
pronunciation: ['erviin 'Jr0:drrjB]; 12 August 1887, Erdberg — 4 January 
1961, Vienna) was an Austrian theoretical physicist who achieved 
fame for his contributions to quantum mechanics, especially the 
Schrodinger equation, for which he received the Nobel Prize in 1933. 
In 1935, after extensive correspondence with personal friend Albert 
Einstein, he proposed the Schrodinger's cat thought experiment. 

Biography 
Early years 

In 1887 Schrodinger was born in Vienna, Austria to Rudolf 
Schrodinger (cerecloth producer, botanist) and Georgine Emilia 
Brenda (daughter of Alexander Bauer, Professor of Chemistry, k.u.k. 
Technische Hochschule Vienna). 

His mother was half Austrian and half English; the English side of her 
family came from Leamington Spa. Schrodinger learned English and German almost at the same time due to the fact 
that both were spoken in the family household. His father was a Catholic and his mother was a Lutheran. 

In 1898 he attended the Akademisches Gymnasium. Between 1906 and 1910 Schrodinger studied in Vienna under 
Franz Serafin Exner (1849 - 1926) and Friedrich Hasenohrl (1874 - 1915). He also conducted experimental work 
with K.W.F. Kohlrausch^ In 1911, Schrodinger became an assistant to Exner. At an early age, Schrodinger was 
strongly influenced by Schopenhauer . As a result of his extensive reading of Schopenhauer's works, he became 




Bust of Schrodinger, in the courtyard arcade of 
the main building, University of Vienna, Austria. 



deeply interested throughout his life in color theory, philosophy 
Hindu Vedanta. 



[3] 



, perception, and eastern religion, especially 



Middle years 

In 1914 Erwin Schrodinger achieved Habilitation (venia legendi). Between 1914 and 1918 he participated in war 
work as a commissioned officer in the Austrian fortress artillery (Gorizia, Duino, Sistiana, Prosecco, Vienna). On 6 
April 1920, Schrodinger married Annemarie Bertel. The same year, he became the assistant to Max Wien, in Jena, 
and in September 1920 he attained the position of ao. Prof. {Ausserordentlicher Professor), roughly equivalent to 
Reader (UK) or associate professor (US), in Stuttgart. In 1921, he became o. Prof. {Ordentlicher Professor, i.e. full 
professor), in Breslau (now Wroclaw, Poland). 

In 1921, he moved to the University of Zurich. In January 1926, Schrodinger published in the Annalen der Physik 
the paper " ' Quantisierung als Eigenwertproblem" [tr. Quantization as an Eigenvalue Problem] on wave mechanics 
and what is now known as the Schrodinger equation. In this paper he gave a "derivation" of the wave equation for 
time independent systems, and showed that it gave the correct energy eigenvalues for the hydrogen-like atom. This 
paper has been universally celebrated as one of the most important achievements of the twentieth century, and 
created a revolution in quantum mechanics, and indeed of all physics and chemistry. A second paper was submitted 
just four weeks later that solved the quantum harmonic oscillator, the rigid rotor and the diatomic molecule, and 
gives a new derivation of the Schrodinger equation. A third paper in May showed the equivalence of his approach to 
that of Heisenberg and gave the treatment of the Stark effect. A fourth paper in this most remarkable series showed 
how to treat problems in which the system changes with time, as in scattering problems. These papers were the 
central achievement of his career and were at once recognized as having great significance by the physics 
community. 
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In 1927, he succeeded Max Planck at the Friedrich Wilhelm University in Berlin. In 1933, however, Schrodinger 
decided to leave Germany; he disliked the Nazis' anti-semitism. He became a Fellow of Magdalen College at the 
University of Oxford. Soon after he arrived, he received the Nobel Prize together with Paul Adrien Maurice Dirac. 
His position at Oxford did not work out; his unconventional personal life (Schrodinger lived with two women) was 
not met with acceptance. In 1934, Schrodinger lectured at Princeton University; he was offered a permanent position 
there, but did not accept it. Again, his wish to set up house with his wife and his mistress may have posed a problem. 
He had the prospect of a position at the University of Edinburgh but visa delays occurred, and in the end he took up a 
position at the University of Graz in Austria in 1936. 

In the midst of these tenure issues in 1935, after extensive correspondence with personal friend Albert Einstein, he 
proposed the Schrodinger's cat thought experiment. 




Later years 

In 1939, after the Anschluss, Schrodinger had problems because of his 
flight from Germany in 1933 and his known opposition to Nazism. He 
issued a statement recanting this opposition (he later regretted doing 
so, and he personally apologized to Einstein). However, this did not 
fully appease the new dispensation and the university dismissed him 
from his job for political unreliability. He suffered harassment and 
received instructions not to leave the country, but he and his wife fled 
to Italy. From there he went to visiting positions in Oxford and Ghent 
Universities. 

In 1940 he received an invitation to help establish an Institute for 
Advanced Studies in Dublin, Ireland. He moved to Clontarf, Dublin 
and became the Director of the School for Theoretical Physics and 
remained there for 17 years, during which time he became a 
naturalized Irish citizen. He wrote about 50 further publications on 
various topics, including his explorations of unified field theory. 

In 1944, he wrote What is Life?, which contains a discussion of Negentropy and the concept of a complex molecule 
with the genetic code for living organisms. According to James D. Watson's memoir, DNA, the Secret of Life, 
Schrodinger's book gave Watson the inspiration to research the gene, which led to the discovery of the DNA double 
helix structure. Similarly, Francis Crick, in his autobiographical book What Mad Pursuit, described how he was 
influenced by Schrodinger's speculations about how genetic information might be stored in molecules. However, the 
geneticist and 1946 Nobel-prize winner H.J. Muller had in his 1922 article "Variation due to Change in the 
Individual Gene"' 4 -' already laid out all the basic properties of the heredity molecule that Schrodinger derives from 
first principles in What is Life?, properties which Muller refined in his 1929 article "The Gene As The Basis of 
Life"' 5 ^ and further clarified during the 1930s, long before the publication of What is Life?^ . 

Schrodinger stayed in Dublin until retiring in 1955. During this time he remained committed to his particular 

passion; involvements with students occurred and he fathered two children by two different Irish women . He had a 

life-long interest in the Vedanta philosophy of Hinduism, which influenced his speculations at the close of What is 

Life? about the possibility that individual consciousness is only a manifestation of a unitary consciousness pervading 
F71 

the universe. 

In 1956, he returned to Vienna (chair ad personam). At an important lecture during the World Energy Conference he 
refused to speak on nuclear energy because of his skepticism about it and gave a philosophical lecture instead. 
During this period Schrodinger turned from mainstream quantum mechanics' definition of wave-particle duality and 
promoted the wave idea alone causing much controversy. 
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Personal life 

Schrodinger suffered from tuberculosis and several times in the 1920s stayed at a sanatorium in Arosa. It was there 
that he discovered his wave equation. ^ 

Schrodinger decided in 1933 that he could not live in a country in which persecution of Jews had become a national 
policy. Alexander Frederick Lindemann, the head of physics at Oxford University, visited Germany in the spring of 
1933 to try to arrange positions in England for some young Jewish scientists from Germany. He spoke to 
Schrodinger about posts for one of his assistants and was surprised to discover that Schrodinger himself was 
interested in leaving Germany. Schrodinger asked for a colleague, Arthur March, to be offered a post as his assistant. 

The request for March stemmed from Schrodinger's unconventional relationships with women: although his relations 
with his wife Anny were good, he had had many lovers with his wife's full knowledge (and in fact, Anny had her 
own lover, Hermann Weyl). Schrodinger asked for March to be his assistant because, at that time, he was in love 
with March's wife Hilde. 

Many of the scientists who had left Germany spent mid-1933 in the Italian province of Bolzano. Here Hilde became 
pregnant with Schrodinger's child. On 4 November 1933 Schrodinger, his wife and Hilde March arrived in Oxford. 
Schrodinger had been elected a fellow of Magdalen College. Soon after they arrived in Oxford, Schrodinger heard 
that, for his work on wave mechanics, he had been awarded the Nobel prize. 

In early 1934 Schrodinger was invited to lecture at Princeton University and while there he was made an offer of a 
permanent position. On his return to Oxford he negotiated about salary and pension conditions at Princeton but in the 
end he did not accept. It is thought that the fact that he wished to live at Princeton with Anny and Hilde both sharing 
the upbringing of his child was not found acceptable. The fact that Schrodinger openly had two wives, even if one of 
them was married to another man, was not well received in Oxford either. Nevertheless, his daughter Ruth Georgie 
Erica was born there on 30 May 1934. [9] 
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On 4 January 1961, Schrodinger died in Vienna at the age of 73 of 
tuberculosis. He left a widow, Anny (born Annemarie Bertel on 3 
December 1896, died 3 October 1965), and was buried in Alpbach, 
Austria. 



Legacy 



The philosophical issues raised by Schrodinger's cat are still debated 
today and remains his most enduring legacy in popular science, while 
Schrodinger's equation is his most enduring legacy at a more technical 
level. The huge crater Schrodinger, on the far side of the Moon is named 
after him. The Erwin Schrodinger International Institute for 
Mathematical Physics ' 10 ^ was established in Vienna in 1993. 

Color 

One of Schrodinger's lesser -known areas of scientific contribution was 
his work on color, color perception, and colorimetry {Farbenmetrik). In 
1920, he published three papers in this area: 

• "Theorie der Pigmente von groBter Leuchtkraft," Annalen der Physik, 
(4), 62, (1920), 603-622 

• "Grundlinien einer Theorie der Farbenmetrik im Tagessehen," 
Annalen der Physik, (4), 63, (1920), 397-426; 427-456; 481-520 
(Outline of a theory of color measurement for daylight vision) 

• "Farbenmetrik," Zeitschrift fur Physik, 1, (1920), 459-466 (Color measurement) 

The second of these is available in English as "Outline of a Theory of Color Measurement for Daylight Vision" in 
Sources of Color Science, Ed. David L. MacAdam, The MIT Press (1970), 134-182. 
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Prize of the French Physics Society (Societe Francaise de Physique) 



Ionel Solomon (born 1929) is a French-Romanian physicist, Member of the French Academy of Sciences, CNRS 
Research Director, and Professor at the Polytechnic School in Paris. 



Education 

• 1949-1951 PhD, Polytechnic School (Ecole Polytechnique) in Paris 

Major scientific contributions 

Ionel Solomon made major contributions to the fields of: Nuclear Magnetic Resonance (NMR) [1] , Solid state 
physics, Semiconductors and Photovoltaics . In Nuclear Magnetic Resonance he derived fundamental equations 

that bear his name, and specify the nuclear spin-echo response and dipole-dipole interactions in solids (the Solomon 

J4] [5] 
equations) . 

Scientific career 

• 1 95 1 - 1 952 Research Fellow at the University of Liverpool, UK 

• 1955-1956 Research Fellow at Harvard University, USA 

• 1953-1962 Researcher in the resonance Group of the Atomic Energy Commission (Commissariat Energie 
Atomique in Saclay) 

• 1962 Director of the Laboratory for Condensed Matter (Solid-State) Physics (Laboratoire de Physique de la 
Matiere Condensee), at the Polytechnic School in Paris 

• 1 962 Head of Research at C.N.R.S . 

• 1962 Head of Conferences 

• 1968 CNRS Research Director 

• 1973-1976 Physics Departement Head at the Polytechnic School in Paris 1973-1974 President of the Societe 
Francaise de Physique (the French Physics Society). 

• 1975-1979 Professor, at the Polytechnic School in Paris 

• 1976 Invited Visiting Professor at the Xerox Research Center, Palo Alto,USA 
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• 1980 Invited Visiting Professor at Tokyo University 

• 1 98 1 - 1 985 Founder and Scientific Director of SOLEMS Company 

• 1987 President of the Scientific Council of PHOTOTRONICS (a French-German Company for photovoltaic 
products) 

• 1988, June 22, Elected Member of the Physics Institute of the French Academy of Sciences^ 

• Laboratory of Condensed Matter Physics 

Awards and prizes 

• 1958 Grand Prix for Research (with Anatole Abragam and J. Combrisson) 

• 1 963 The CNRS Silver Medal 

• 1969 Robin Prize of the French Physics Society (Societe Francaise de Physique) 

• 1972 Holweck Prize of the Institute of Physics and S.F.P (French Physics Society) 

• 1981 The Y. Peyches Prize of the Academy of Sciences 

References 

• Resonance magnetique (1955-1965) : Decouverte de la relaxation dans un systeme de spins couples. 
Magnetometre terrestre. Detection bolometrique de la resonance. 

• Physique des Semiconducteurs (1966-1976) : L'effet Hall "extraordinaire". Pompage optique dans les solides. 
Decouverte du transport dependant des Spins. 

• Silicium amorphe et photovoltai'que (1977-1987) : transport et optique dans le silicium amorphe. Photopiles 
solaires. Nouveaux materiaux amorphes. 

• Recherche materiaux (depuis 1989) : fibres carbone, fibres SiC et SiCN. Photoluminescence et 
electroluminescence dans les semiconducteurs et dispositifs. 

• I. Solomon. "Amorphous Semiconductors", In Topics in Applied Physics, Ed. Springer Verlag, Berlin (1979). 

• I. Solomon. Relaxation Processes in a System of Two Spins. Phys. Rev. 99, 559 (1955) 

• I. Solomon, M.P. Schmidt, H. Tran Quoc. Selective low-power plasma decomposition of silane-methane mixtures 
for the preparation of methylated amorphous silicon. Phys. Rev. B 38, 9895 (1988) 

• I. Solomon, B. Drevillon, H. Shirai, N. Layadi. Plasma deposition of microcrystalline silicon: the selective 
etching model.,/. Non-crystalline Solids, 164-166, p. 989 (1993). 

• K. Rerbal, F. Jomard, J.-N. Chazalviel, F. Ozanam, I. Solomon. Visible luminescence of porous amorphous 
Si(l-x) Cx:H due to selective dissolution of silicon. Appl. Phys. lett. 83, p. 45 (2003) 

• K. Kerbral, J.N. Chazalviel, F. Ozanam, I. Solomon. Temperature dependence of photoluminescence in 
amorphous Sil-xCx:H films. Eur. Phys. J. B51, p. 61 (2006). 
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Acad. Prof. Dr. Th. V. Ionescu in Bucharest, 1970 
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February 8, 1899 
Dorohoi, Romania 


Died 


November 6, 1988 (aged 89) 
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Romania 
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Paris-Sorbonne University 
University of Ia§i 
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Known for 


Plasma Physics 

magnetic resonance 

first maser studies 

magnetron invention 

3D cinematography/TV devices 

coupled electron-ion oscillations in ultra-hot 

plasmas 

nuclear fusion in ultra-hot hydrogen plasmas 



Theodor V. Ionescu, Prof. Dr. Doc. (born February 8 1899, Dorohoi, Botosani County - d. 6 November 1988, 
Bucharest) was a Romanian physicist and inventor who made remarkable discoveries in plasma physics, ionosphere 
physics, ion coupling electrons in dense plasmas, masers, magnetron amplifiers, and Zeeman effects related to 
controlled nuclear fusion, quantum emission mechanisms in hot plasmas. Member of the Romanian Academy. 
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Ph.D. studies in plasma physics 

He received his Ph.D. in plasma physics first in Paris, and then in Ia§i, Romania. Thus, the history of plasma physics 
in Romania began in 1923 with the defense of the first PhD thesis in physics at the University of Iasi by Theodor V. 
Ionescu, under the guidance of Professor Peter Bogdan. Th. V. Ionescu carried out the first experimental studies in 
Romania of the physics of ionized gases/plasmas. 

Scientific achievements and collaborators 

In 1925 invented a microphone based on thermoionic currents (currents emitted by heated bodies) and a light 
projector using the interference phenomenon. 

Founded in the same year the first Electricity and Magnetism Laboratory, as well as the first Chair of Electricity and 
Magnetism in the Department of Mathematics and Physics at the University of Bucharest. 

The first prototype of a precursor to the magnetron power amplifier 

He built in 1934-1935 a precursor [1] to the high-power, multi-cavity magnetron that was built subsequently, in 
1937-1940, by the British physicist, Sir John Turton Randall, FRSE together with a team of British coworkers for the 
British and American, military radar instalations in WWII . At the same time, the Telefunken Company of Berlin 
was 'searching' for such a device but has apparently met with much less success than the British inventors or Th. 
V. Ionescu. (However, the split anode magnetron had first been developed in 1921 by Dr. A.E.Hull at GEC 
Company in USA; also in 1921, Haben, who was working in Germany, developed a similar device that worked on a 
3 cm wavelength. A strong competitor of the former inventors was also Dr. H.E.Hollman who registered many 
patents between 1925 and 1935 that documented devices related to magnetron development) [4] . 

Patents 

In 1936 he obtained a patent for the 3D imaging in cinema and television. In 1946, together with physicist V. Mihu 
invented and built a device that has obtained the first 'show boosted " type maser (microwave quantum amplifier), 
and has thus tested the first precursor of the working maser ^ reported in 1954^ . 

Discoveries 

He worked in the early 1960s in the Laboratory of the Bucharest Institute of Plasma Physics together with his 
childhood friend, Octav Gheorghiu , whom he greatly respected for his exceptional human qualities. They studied 
systematically the resonant frequencies of molecular oxygen and hydrogen ions. Then, they published their most 
important experimental results in a series of articles in C.R. Acad. Sci. Paris". (pp.245, 898, 957, 246, pp. 2250, 3598, 
1958, 250, 2182 p. 1960, 252, p. 870, 1961) and Rev Roum. Phys. 

rsi 

In the early 1970s, together with physicists Dr. Radu Parvan and J. C. Baianu - one of his Ph.D. research 

assistants in plasma physics in magnetic fields in the Electricity Department of the Faculty of Physics, Bucharest - 

Th. V. Ionescu completed experiments on controlled magnetic resonance oscillations in ultra-hot plasmas. Such 

seminal experiments involved the coupling of ionic and electronic oscillations in ultra-hot plasma involving quantum 

amplified stimulation processes in the presence of longitudinal magnetic fields which opened novel possibilities for 

achieving hot nuclear fusion in the future (Achieving nuclear fusion in high pressure hot plasma ' 'y ' . The first 

report of these research results was presented at the French Academy of Science in Paris by Louis Neel, member of 

the Academy and Nobel Prize in Physics for Magnetism'- 1 ^ . Additional results were then published in the same year 

ri2i 

in the internationally renowned magazine C.R. Acad. Sci. Paris 

His successor as Head of Department in 1970 was Florin Ciorascu, "imported" from the IFA, (who died in 1977 
during the major earthquake in Bucharest). 
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Professor Herbert S. Gutowsky, Member of the US National Academy of Sciences 
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Citizenship 


USA 


Nationality 


USA 


Ethnicity 


US 


Fields 


Nuclear magnetic resonance 


Institutions 


University of Illinois at Urbana 


Alma mater 


Harvard University 


Doctoral advisor 


George Kistiakowsky 


Doctoral 
students 


35 


Known for 


Solid-state NMR and NMR spectroscopy 


Notable awards 


Kistiakowsky prize, Wolf prize, Irving 
Sciences, USA. 


Langmuir prize, Peter Debye prize, Member of the National Academy of 



Herbert S. Gutowsky (November 8, 1919 - January 13, 2000) was an American chemist who was a Professor of 
Chemistry at the University of Illinois at Urbana-Champaign. His pioneering work made nuclear magnetic resonance 
spectroscopy one of the most effective tools in chemical and medical research. 



Birth and education 

Herbert S. Gutowsky was born on November 8, 1919, on a produce farm in Bridgman, Michigan. He was the son of 
Otto and Hattie Neyer Gutowsky. He claimed that his childhood experiences taught him the importance of hard 
work, which carried over to his scientific life. He was a quiet, kind and thoughtful man who focused on science and 
who worked very closely with all his research associates. He was also an avid bicyclist in his early life, and also 
bird-watcher who later became very interested in growing roses in his own garden. 

Gutowsky received a bachelor's degree from Indiana University in 1940, and after a four-year interruption for 
military service, he was awarded a master's degree from UC-Berkeley in 1946. Gutowsky earned his Ph.D. in 
chemistry from Harvard University under George Kistiakowsky. 
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Academic career 

He joined the faculty of the University of Illinois at Urbana-Champaign in 1948. He became a full professor in 1956. 
His research interests as a young faculty member included molecular and solid-state structure by infrared (IR) and 
radio frequency spectroscopy, including both nuclear magnetic resonance and electron paramagnetic resonance. 

Research on Nuclear Magnetic Resonance 

Herbert S. Gutowsky was the first to apply the nuclear magnetic resonance method to chemical research. His 
experimental and theoretical work on the chemical shift effect and its relation to molecular structure has provided the 
chemist with working tools to study molecular conformation and molecular interactions in solutions. Gutowsky's 
pioneering work on the spin-spin coupling effect developed this phenomenon into a 'finger print' method for the 
identification and characterization of organic compounds. He was also the first to observe the effect of dynamic 
processes on the lineshape of high resolution nuclear magnetic resonance spectra, and exploited it for the studies of 
hindered rotation in molecules, Simultaneously with others he discovered the effect of the scalar and dipolar 
interaction with unpaired electrons in solutions of paramagnetic ions'- 1 - 1 . 

He was awarded the Wolf Prize in Chemistry in 1983/84 for "his pioneering work in the development and 
applications of nuclear magnetic resonance spectroscopy in chemistry" . More specifically, the latter prize 
committee cited explicitly his truly outstanding physical chemistry research results as follows: "Professor Herbert S. 
Gutowsky was the first to apply the nuclear magnetic resonance method to chemical research. His experimental and 
theoretical work on the chemical shift effect and its relation to molecular structure has provided the chemist with 
working tools to study molecular conformation and molecular interactions in solutions. Gutowsky's pioneering work 
on the spin-spin coupling effect developed this phenomenon into a finger print' method for the identification and 
characterization of organic compounds. He was also the first to observe the effect of dynamic processes on the 
lineshape of high resolution nuclear magnetic resonance spectra, and exploited it for the studies of hindered rotation 
in molecules, Simultaneously with others he discovered the effect of the scalar and dipole-dipole interaction with 
unpaired electrons in solutions of paramagnetic ions." 

Later years 

He became head of the Department of Chemistry at the University of Illinois at Urbana-Champaign in 1967, and in 
1970 he oversaw the creation of the School of Chemical Sciences, which included the departments of chemistry and 
chemical engineering. He served as Director of the School of Chemical Sciences from 1970 to 1983. 

During 1976—1986 he published in collaboration with a photosynthesis research group in the Biophysics Department 
the results of a series of NMR, fluorescence, pulsed light/oxygen evolution studies of biomembranes— including 
photosynthetic plant membranes/thylakoids^ ^ ^ and living, green algae' 6 -' —investigating the complex 
physico-chemical mechanisms of photosynthesis involving Mn +2 , Mn +3 , CI" and Br" ionic effects in photosynthetic 
oxygen evolution and photosynthetic water oxidation by photosytem II (PS -II) in the oxygen evolving complex 
(OEC) [7] . 

After 1983 he focused on teaching and research, moving into a "third research career' in Fourier-transform 
microwave spectroscopy studies of small, weakly bonded molecules in the gas phase. He died on January 13, 2000 in 
Urbana. 
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Other Heads, Department of Chemistry, University of Illinois 



Head 


Years of Service 


Years 


A. P. S. Stewart 


1868-1874 


6 


Henry A. Weber 


1874-1882 


8 


William McMurtrie 


1882-1888 


6 


J. C. Jackson 


1888 


1 


Arthur W. Palmer 


1889-1904 


15 


Harry S. Grindley 


1904-1907 


3 


William A. Noyes 


1907-1926 


19 


Roger Adams 


1926-1954 


28 


Herbert E. Carter 


1954-1967 


13 


Herbert S. Gutowsky 


1967-1983 


16 


Larry R. Faulkner 


1984-1989 


5 


Gary B. Schuster 


1989-1994 


5 


Paul W. Bohn 


1995-1999 


5 


Steven C. 
Zimmerman 


1999-2000 


1 


Gregory S. Girolami 


2000-2005 


5 


Steven C. 
Zimmerman 


2005- 





See also 

• Charles Pence Slichter 

• Nuclear magnetic resonance 

• Chemical shift 

• Knight shift 

• Relaxation 

• J-coupling 

• Dynamic nuclear polarisation 

• NMR spectroscopy 

• Carbon- 13 NMR 

• Deuterium NMR 

• 2D-FT NMRI and Spectroscopy 

• Solid-state nuclear magnetic resonance 

• NMR spectra database 

• In vivo magnetic resonance spectroscopy 
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External links 

rsi 

• Biography of Herbert S. Gutowsky 

mi 

• Herbert S. Gutowsky and NMR Spectroscopy 

• Nuclear Magnetic Resonance in Physical Chemistry 
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Born 


June 9, 1921 
Sharon, Pennsylvania 


Fields 


Physics 


Institutions 


University of California, Berkeley 



Erwin L. Hahn (born 1921) is a U.S. physicist, best known for his work on nuclear magnetic resonance (NMR). 
In 1950 he discovered the spin echo. 

He received his B.S. in Physics from Juniata College. He has been Professor Emeritus at the University of 
California, Berkeley since 1991 and was professor of physics, 1955-91. 

See also 

• Pulsed magnetic resonance— NMR, ESR, and optics: a recognition ofE.L. Hahn. Oxford University Press. 1992. 
ISBN 0198539622. 

External links 

• Oral History interview transcript with Erwin L. Hahn 21 August 1986, American Institute of Physics, Niels Bohr 

rzi 

Library and Archives 
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Born 

Nationality 



Institutions 
Known for 



Notable awards 



9 October 1933 
British 



University of Nottingham 
Magnetic Resonance Imaging 



Nobel Prize in Physiology or Medicine (2003) 



Sir Peter Mansfield, FRS, (born 9 October 1933), is a British physicist who was awarded the 2003 Nobel Prize in 
Physiology or Medicine for his discoveries concerning magnetic resonance imaging (MRI). The Nobel Prize was 
shared with Paul Lauterbur, who also contributed to the development of MRI. Sir Peter is a professor at the 
University of Nottingham. 

The Nobel Prize in Physics in 1952, which went to Felix Bloch and Edward Purcell, was for the development of 
nuclear magnetic resonance (NMR), the scientific principle behind MRI. For decades magnetic resonance was used 
mainly for studying the chemical structure of substances, and Mansfield's first project in this field was to develop a 
portable, transistorised Earth's field NMR (EFNMR) spectrometer in the late 1950s. It was not until the 1970s with 
Lauterbur's and Mansfield's developments that NMR could be used to produce images of the body. Mansfield is 
credited with showing how the radio signals from MRI can be mathematically analyzed, making interpretation of the 
signals into a useful image a possibility. He is also credited with discovering how fast imaging could be possible by 
developing the MRI protocol called echo-planar imaging. Echo-planar imaging allows T2* weighted images to be 
collected many times faster than previously possible. It also has made functional magnetic resonance imaging 
(fMRI) feasible. 

Mansfield came from humble beginnings in South East London, attending secondary school in Peckham. He left 
school at 15, and became a printer. He took A levels in night school. He then studied physics at Queen Mary 
College, London, graduating with a BSc in 1959 and a PhD in 1962 



[l] 



He has worked in the Department of Physics at the University of Nottingham since 1964. 
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External links 

• University of Nottingham: Peter Mansfield homepage 

• Nobel Prize 2003 Press Release [3] 

• Appearance [4] on Desert Island Discs 

• Peter Mansfield US Patents [5] 

• Peter Mansfield autobiography [6] 
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Born 


May 6, 1929 
Sidney, Ohio 


Died 


March 27, 2007 (aged 77) 


Residence 


United States 


Institutions 


State University of New York at Stony Brook 
University of Illinois at Urbana-Champaign 
Carnegie Mellon University 


Alma mater 


Case Western Reserve University 
University of Pittsburgh 


Known for 


Magnetic Resonance Imaging 


Notable awards 


Nobel Prize in Physiology or Medicine (2003) 



Paul Christian Lauterbur (May 6, 1929 - March 27, 2007) was an American chemist who shared the Nobel Prize 
in Physiology or Medicine in 2003 with Peter Mansfield for his work which made the development of magnetic 
resonance imaging (MRI) possible. 

Dr. Lauterbur was a professor along with his wife Joan at the University of Illinois at Urbana-Champaign for 22 
years until his death in Urbana. He never stopped working with undergraduates on research, and he served as a 
professor of chemistry, with appointments in bioengineering, biophysics and computational biology at the Center for 
Advanced Study. 

Early life 

Born and raised in Sidney, Ohio, Lauterbur graduated from Sidney High School, where a new Chemistry, Physics, 
and Biology wing was dedicated in his honor. He did his undergraduate work at Case Institute of Technology in 

Cleveland, which is now known as Case Western Reserve University. As a teenager, he built his own laboratory in 

131 

the basement of his parents' house. His chemistry teacher at school understood that he enjoyed experimenting on 

T31 

his own, so the teacher allowed him to do his own experiments at the back of class. When he was drafted into the 

Army in the 1950s, his superiors allowed him to spend his time working on an early nuclear magnetic resonance 

T31 

(NMR) machine; he had published four scientific papers by the time he left the Army. 
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The development of the MRI 

Lauterbur is a 1962 graduate of the University of Pittsburgh and credits the idea of the MRI to a brainstorm one day 
at a suburban Pittsburgh Big Boy, with the MRI's first model scribbled on a table napkin. [4] [3] The further research 
that led to the Nobel Prize was performed at Stony Brook University [5] in the 1970s. 

The Nobel Prize in Physics in 1952, which went to Felix Bloch and Edward Purcell, was for the development of 
nuclear magnetic resonance (NMR), the scientific principle behind MRI. However, for decades magnetic resonance 
was used mainly for studying the chemical structure of substances. It wasn't until the 1970s with Lauterbur's and 
Mansfield's developments that NMR could be used to produce images of the body. 

Lauterbur is credited for the idea of introducing gradients in the magnetic field which allows for determining the 
origin of the radio waves emitted from the nuclei of the object of study. This spatial information allows 
two-dimensional pictures to be produced. [3] 

While Lauterbur conducted his work at Stony Brook, the best NMR machine on campus belonged to the chemistry 
department; he would have to visit it at night to use it for experimentation and would carefully change the settings so 
that they would return to those of the chemists' as he left. [6] A replica of his original MRI machine is located at the 
Chemistry building on the campus of the State University of New York at Stony Brook in Stony Brook, New York. 

Some of the first images taken by Lauterbur included those of a clam his daughter had collected on the beach at the 
Long Island Sound, green peppers and two test tubes of heavy water within a beaker of ordinary water; no other 
imaging technique in existence at that time could distinguish between two different kinds of water. The human body 
consists mostly of water. ^ 

When Lauterbur first submitted his paper with his discoveries to Nature, the paper was rejected by the editors of the 

journal. Lauterbur persisted and requested them to review it again, upon which time it was published and is now 

F71 

acknowledged as a classic Nature paper. The Nature editors pointed out that the pictures accompanying the paper 
were too fuzzy, although they were the first images to show the difference between heavy water and ordinary 
water. Lauterbur said of the initial rejection: "You could write the entire history of science in the last 50 years in 
terms of papers rejected by Science or Nature."^ 

Peter Mansfield of the University of Nottingham in the United Kingdom took Lauterbur's initial work another step 
further, developing a mathematical process to speed the image reading. [6] 

roi 

Lauterbur attempted to file patents related to his work to commercialize it unsuccessfully. Stony Brook chose not 
to pursue patents, thinking that the expense would not pay off in the end. "The company that was in charge of such 
applications decided that it would not repay the expense of getting a patent. That turned out not to be a spectacularly 
good decision," Lauterbur said in 2003. He attempted to get the federal government to pay for an early prototype of 
the MRI machine for years in the 1970s, and the process took a decade. The University of Nottingham did file 

ran 

patents which later made Mansfield wealthy. 
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Nobel Prize 

Lauterbur was awarded the Nobel Prize 
along with Mansfield in the fall of 2003. 
Controversy occurred when Raymond 
Damadian took out full-page ads in The New 
York Times, The Washington Post and The 
Los Angeles Times headlined "The Shameful 
Wrong That Must Be Righted" saying that 
the Nobel committee had not included him 
as a Prize winner alongside Lauterbur and 
Mansfield for his early work on the MRI. 
Damadian claimed that he discovered MRI 
and the two Nobel-winning scientists 
refined his technology. The New York Times 
published an editorial saying that while 
scientists credit Damadian for holding an 
early patent in MRI technology, Lauterbur 
and Mansfield conducted the work that led 

to present MRI technology. The newspaper pointed out a few cases in which precursor discoveries had been awarded 

with a Nobel, along with a few deserving cases in which it had not, such as Rosalind Franklin and Oswald Avery. 
[11] 




U.S. President George W. Bush with the six 2003 American Nobel laureates in the 
Oval Office. From left to right, Dr. Roderick MacKinnon, New York City 
(chemistry); Dr. Anthony Leggett, Urbana, Illinois (physics); Dr. Robert Engle, 
New York City (economics); Dr. Alexei Abrikosov, Argonne, Illinois (physics); 
Dr. Peter Agre, Baltimore, Maryland (chemistry); and Dr. Paul Lauterbur, Urbana, 
Illinois (physiology/medicine). 



[10] 



Death 

Lauterbur died in March 2007 of kidney disease at his home in Urbana, Illinois. University of Illinois Chancellor 
Richard Herman said, "Paul's influence is felt around the world every day, every time an MRI saves the life of a 
daughter or a son, a mother or a father. 

Other awards and honors 

Albert Lasker Award for Clinical Medical Research, 1984 
General Motors Cancer Research Foundation Kettering Prize, 1985 
National Medal of Science, 1987 

National Medal of Technology, 1988, (with Raymond Damadian) 

Bower Award, Franklin Institute of Philadelphia, 1990 (first recipient) 

[21 

Carnegie Mellon Dickson Prize in Science in 1993. 
Charter member, Phi Kappa Tau Hall of Fame in 2006. 
National Inventors Hall of Fame, class of 2007 

Honorary Degrees: 

• Carnegie-Mellon University in Pittsburgh 

• University of Liege in Belgium 

• Nicolaus Copernicus University Medical School in Krakow, Poland 
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See also 

• Nobel Prize controversies 



External links 

• Nobel Prize 2003 Press Release [3] 

• University of Pittsburgh Medical School article on alumnus Lauterbur 

• Paul C. Lauterbur Patents [13] 

• Paul Lauterbur [14] at Find a Grave 

• [15] Article on MRI 
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Alberte Pullman (nee Bucher) was born in France in 1920. She is a theoretical and quantum chemist. She studied at 
the Sorbonne starting in 1938. During her studies she worked on calculations at Centre National de la Recherche 
Scientifique (CNRS). From 1943 she worked with Raymond Daudel. She completed her doctorate in 1946. On his 
return from war service in 1946, she married Bernard Pullman. She and her husband worked together until his death 
in 1996. Together they wrote several books including Quantum Biochemistry, Interscience Publishers, 1963. Their 
work in the 1950s and 1960s was the beginning of the new field of Quantum Biochemistry. They pioneered the 
application of quantum chemistry to predicting the carcinogenic properties of aromatic hydrocarbons. 




She is a member of the International Academy of Quantum Molecular Science and a member and former President 
of The International Society of Quantum Biology and Pharmacology.^ 

External links 

• An interview with Mme Prof. Dr. Alberte Pullman 
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Bernard Pullman 




Bernard Pullman (March 19, 1919, Wloclawek Poland — 1996) was a French theoretical quantum 
chemist and quantum biochemist. 

Pullman studied at the Sorbonne, then spent the Second World War as a French Army officer in Africa and the 
Middle East. Returning to Paris in 1946, he completed the Licence-es-Sciences in 1946 and the Docteur-es-Science 
in 1948. From 1946 to 1954, he worked at the Centre National de la Recherche Scientifique (CNRS). In 1954 he was 
appointed Professor at the Sorbonne. In 1959, he became Director of the Department of Quantum Biochemistry at 
the Institut de Biologie Physico-Chimique. In 1963, he was promoted to Director of the Institute. He was a founding 
member of the International Academy of Quantum Molecular Science. 

Over the course of his career, Pullman published about 400 scientific papers and 5 books, three with his wife Alberte 
Pullman, his lifelong collaborator. In joint work published in the 1950s and 1960s, they founded the new field of 
quantum biochemistry. They also pioneered the application of quantum chemistry to predicting the carcinogenic 
properties of aromatic hydrocarbons. 

After his 1989 retirement, he wrote The Atom in the History of Human Thought (Paris: Fayard, 1995), a work 
approachable by general readers. 

References 

• International Journal of Quantum Chemistry 75(3), 1999, Special Issue: In Memory of Bernard Pullman. 

Books by Pullman 

• 1963 (with Alberte Pullman). Quantum Biochemistry. New York: John Wiley Interscience. ISBN 97804707023 14 
; ISBN 0470702311. 

• 1965 (with M. Weissbluth). Molecular Biophysics. New York: Academic Press, New York. 

• 1998. The Atom in the History of Human Thought, trans, by Axel Reisinger. Oxford Univ. Press. 

External links 

• His International Academy of Quantum Molecular Science page ^ 
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• An interview with Mme Prof. Dr. Alberte Pullman 
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Herbert Frohlich (1905-1991) 


Born 


9 December 1905 
Rexingen, Germany 


Died 


23 January 1991 (aged 86) 
Liverpool, England 


Residence 


UK 


Nationality 


British 


Ethnicity 


Jewish-German 


Fields 


Physicist 


Institutions 


University of Bristol 
University of Liverpool 
University of Salford 
loffe Physico-Technical 
Institute 

University of Freiburg 
University of Bristol 


Alma mater 


Ludwig-Maximilians University 


Doctoral advisor 


Arnold Sommerfeld 


Doctoral students 


Sebastian Doniach 
Gerard Hyland 


Other notable students 


Sigurd Zienau 


Known for 


Frohlich coherence 
Frohlich polaron 
Frohlich Hamiltonian 
Frohlich term 


Notable awards 


Max-Planck Medal (1972) 


Signature 


Notes 

He is the brother of the mathematician Albrecht Frohlich. 



Herbert Frohlich (9 December 1905 in Rexingen, Germany - 23 January 1991 in Liverpool, England) was a 
German-born British physicist and a Fellow of the Royal Society. 
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Frohlich was the son of Fanny Frida (nee Schwarz) and Jakob Julius Frohlich, members of an old-established Jewish 
family. 

Career 

In 1927, Frohlich entered the Ludwig-Maximilians University, Munich, to study physics, and he received his 
doctorate under Arnold Sommerfeld, in 1930. His first position was as Privatdozent at the University of Freiburg. 
Due to rising anti-Semitism and the Deutsche Physik movement under Adolf Hitler, and at the invitation of Yakov 
Frenkel, Frohlich went to the Soviet Union, in 1933, to work at the Ioffe Physico-Technical Institute in Leningrad. 
During the Great Purge following the murder of Sergey Kirov, he fled to England in 1935. Except for a short visit to 
Holland and a brief internment during World War II, he worked in Nevill Francis Mott's department, at the 
University of Bristol, until 1948, rising to the position of Reader. At the invitation of James Chadwick, he took the 
Chair for Theoretical Physics at the University of Liverpool. 

He was offered by the Bell Telephone Laboratories a handsome salary to go to Princeton University as their 
specially endowed professor. But at Liverpool he had a purely research post, which was attractive to him, and he was 
newly married to an American postgraduate philosophy student, and later an artist, Fanchon Aungst, who was not 
keen to return to America at that time. 

From 1973, he was Professor of Solid State Physics at the University of Salford, however, all the while maintaining 
an office at the University of Liverpool, where he gained emeritus status in 1976 until his death. During 1981, he 
was a visiting professor at Purdue University.'- 2 -' ' 3 -' ^ 

Frohlich proposed a theory which is known as Frohlich coherence.' 5 ^ ^ 

Honours 

• 1951 - Fellow of the Royal Society 

• 1972 - Deutsche Physikalische Gesellschaft Max-Planck Medal 

Books 

• Herbert Frohlich Elektronentheorie der Metalle. (Struktur und Eigenschaften der Materie in Eigendarstellung, 
Bd.18). (Springer, 1936, 1969) 

• Herbert Frohlich Elektronentheorie der Metalle (Ann Arbor: Edwards Brothers, First US edition, in German, 
1943) ISBN 1114566489 

• Herbert Frohlich Theory of Dielectrics: Dielectric Constant and Dielectric Loss (Clarendon Press, 1949, 1958) 

• Herbert Frohlich and F. Kremer Coherent Excitations in Biological Systems (Springer- Verlag, 1983) 

• Herbert Frohlich, editor Biological Coherence and Response to External Stimuli (Springer, 1988) ISBN 
978-0387187396 
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• Quantum mind 
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Mathematical Biophysics 



Theoretical physics 

Theoretical physics is a branch of physics which employs mathematical models and abstractions of physics in an 
attempt to explain natural phenomena. Its central core is mathematical physics/ 1 ^ though other conceptual techniques 
are also used. The goal is to rationalize, explain and predict physical phenomena. The advancement of science 
depends in general on the interplay between experimental studies and theory. In some cases, theoretical physics 
adheres to standards of mathematical rigor while giving little weight to experiments and observations. For example, 
while developing special relativity, Albert Einstein was concerned with the Lorentz transformation which left 
Maxwell's equations invariant, but was apparently uninterested in the Michelson-Morley experiment on Earth's drift 
through a luminiferous ether. On the other hand, Einstein was awarded the Nobel Prize for explaining the 
photoelectric effect, previously an experimental result lacking a theoretical formulation. 

Overview 

A physical theory is a model of physical events. It is judged by the extent to which its predictions agree with 
empirical observations. The quality of a physical theory is also judged on its ability to make new predictions which 
can be verified by new observations. A physical theory differs from a mathematical theorem in that while both are 
based on some form of axioms, judgment of mathematical applicability is not based on agreement with any 
experimental results. 

Ricci = kg 

The equations for an Einstein manifold, used in general relativity to describe the curvature of spacetime 

A physical theory involves one or more relationships between various measurable quantities. Archimedes realized 
that a ship floats by displacing its mass of water, Pythagoras understood the relation between the length of a 
vibrating string and the musical tone it produces, and how to calculate the length of a rectangle's diagonal. Other 
examples include entropy as a measure of the uncertainty regarding the positions and motions of unseen particles and 
the quantum mechanical idea that (action and) energy are not continuously variable. 

Sometimes the vision provided by pure mathematical systems can provide clues to how a physical system might be 
modeled; e.g., the notion, due to Riemann and others, that space itself might be curved. 

Theoretical advances may consist in setting aside old, incorrect paradigms (e.g., Burning consists of evolving 
phlogiston, or Astronomical bodies revolve around the Earth) or may be an alternative model that provides answers 
that are more accurate or that can be more widely applied. 

Physical theories become accepted if they are able to make correct predictions and no (or few) incorrect ones. The 
theory should have, at least as a secondary objective, a certain economy and elegance (compare to mathematical 
beauty), a notion sometimes called "Occam's razor" after the 13th-century English philosopher William of Occam (or 
Ockham), in which the simpler of two theories that describe the same matter just as adequately is preferred. (But 
conceptual simplicity may mean mathematical complexity.) They are also more likely to be accepted if they connect 
a wide range of phenomena. Testing the consequences of a theory is part of the scientific method. 

Physical theories can be grouped into three categories: mainstream theories, proposed theories and fringe theories. 
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History 

Theoretical physics began at least 2,300 years ago, under the pre-Socratic Greek philosophers, and continued by 
Plato; and Aristotle, whose views held sway for a millennium. In medieval times, during the rise of the universities, 
the only acknowledged intellectual disciplines were theology, mathematics, medicine, and law. As the concepts of 
matter, energy, space, time and causality slowly began to acquire the form we know today, other sciences spun off 
from the rubric of natural philosophy. During the Middle Ages and Renaissance, the concept of experimental 
science, the counterpoint to theory, began with scholars such as Ibn al-Haytham and Francis Bacon. The modern era 
of theory began perhaps with the Copernican paradigm shift in astronomy, soon followed by Johannes Kepler's 
expressions for planetary orbits, which summarized the meticulous observations of Tycho Brahe. 

The great push toward the modern concept of explanation started with Galileo, one of the few physicists who was 
both a consummate theoretician and a great experimentalist. The analytic geometry and mechanics of Descartes were 
incorporated into the calculus and mechanics of Isaac Newton, another theoretician/experimentalist of the highest 
order. Joseph-Louis Lagrange, Leonhard Euler and William Rowan Hamilton would extend the theory of classical 
mechanics considerably. Each of these individuals picked up the interactive intertwining of mathematics and physics 
begun two millennia earlier by Pythagoras. 

Among the great conceptual achievements of the 19th and 20th centuries were the consolidation of the idea of 
energy by the inclusion of heat, then electricity and magnetism and light, and finally mass. The laws of 
thermodynamics, and especially the introduction of the singular concept of entropy began to provide a macroscopic 
explanation for the properties of matter. 

The pillars of modern physics, and perhaps the most revolutionary theories in the history of physics, have been 
relativity theory and quantum mechanics. Newtonian mechanics was subsumed under special relativity and Newton's 
gravity was given a kinematic explanation by general relativity. Quantum mechanics led to an understanding of 
blackbody radiation and of anomalies in the specific heats of solids — and finally to an understanding of the internal 
structures of atoms and molecules. 

All of these achievements depended on the theoretical physics as a moving force both to suggest experiments and to 
consolidate results — often by ingenious application of existing mathematics, or, as in the case of Descartes and 
Newton (with Leibniz), by inventing new mathematics. Fourier's studies of heat conduction led to a new branch of 
mathematics: infinite, orthogonal series. 

Modern theoretical physics attempts to unify theories and explain phenomena in further attempts to understand the 
Universe, from the cosmological to the elementary particle scale. Where experimentation cannot be done, theoretical 
physics still tries to advance through the use of mathematical models. Some of their most prominent and well 
thought out advancements in this field include: 

Prominent theoretical physicists 

Famous theoretical physicists include 

• Christiaan Huyghens (1629-1695) 

• Isaac Newton (1643-1727) 

• Leonhard Euler (1707-1783) 

• Joseph Louis Lagrange (1736— 1813) 

• Pierre-Simon Laplace ( 1749-1 827) 

• Joseph Fourier (1768-1830) 

• Nicolas Leonard Sadi Carnot ( 1 796-1 842) 

• William Rowan Hamilton ( 1 805-1 865) 

• Rudolf Clausius ( 1 822-1 888) 

• James Clerk Maxwell (1831-1879) 
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• J. WillardGibbs (1839-1903) 

• Ludwig Boltzmann (1844-1906) 

• Hendrik A. Lorentz (1853-1928) 

• Henri Poincare (1854-1912) 

• Nikola Tesla (1856-1943) 

• Max Planck (1858-1947) 

• Albert Einstein (1879-1955) 

• Emmy Noether ( 1 882- 1 935) 

• Max Born (1882-1970) 

• Niels Bohr (1885-1962) 

• Erwin Schrodinger (1887-1961) 

• Louis deBroglie (1892-1987) 

• Satyendra Nath Bose (1894-1974) 

• Wolfgang Pauli (1900-1958) 

• Enrico Fermi (1901-1954) 

• Werner Heisenberg (1901-1976) 

• Paul Dirac (1902-1984) 

• Eugene Wigner (1902-1995) 

• Robert Oppenheimer (1904-1967) 

• Sin-Itiro Tomonaga ( 1 906-1 979) 

• Hideki Yukawa (1907-1981) 

• John Bardeen (1908-1991) 

• Lev Landau (1908-1967) 

• Anatoly Vlasov (1908-1975) 

• Nikolay Bogolyubov (1909-1992) 

• Subrahmanyan Chandrasekhar (1910-1995) 

• Richard Feynman (1918-1988) 

• Julian Schwinger (1918-1994) 

• Feza Gursey (1921-1992) 

• Chen Ning Yang (1922- ) 

• Freeman Dyson (1923- ) 

• Gunnar Kallen (1926-1968) 

• Abdus Salam (1926-1996) 

• Murray Gell-Mann ( 1 929- ) 

• Riazuddin (1930- ) 

• Roger Penrose (1931— ) 

• George Sudarshan (1931- ) 

• Sheldon Glashow (1932- ) 

• Steven Weinberg (1933- ) 

• C.R. Hagen(1936-) 

• Michael Berry (1941- ) 

• Stephen Hawking ( 1 942- ) 

• Alexander Polyakov (1945-) 

• Gerardus 't Hooft (1946- ) 

• Jacob Bekenstein (1947-) 

• BertrandHalperin(1950-) 

• Robert Laughlin (1950-) 
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• Edward Witten (1951- ) 

Mainstream theories 

Mainstream theories (sometimes referred to as central theories) are the body of knowledge of both factual and 
scientific views and possess a usual scientific quality of the tests of repeatability, consistency with existing 
well-established science and experimentation. There do exist mainstream theories that are generally accepted 
theories based solely upon their effects explaining a wide variety of data, although the detection, explanation and 
possible composition are subjects of debate. 

Examples 

• Black hole thermodynamics 

• Classical mechanics 

• Condensed matter physics 

• Conservation of energy 

• Dark Energy 

• Dark matter 

• Dynamics 

• Electromagnetism 

• Field theory 

• Fluid dynamics 

• General relativity 

• Molecular modeling 

• Particle physics 

• Physical cosmology 

• Quantum chromodynamics 

• Quantum computers 

• Quantum electrochemistry 

• Quantum electrodynamics 

• Quantum field theory 

• Quantum information theory 

• Quantum mechanics 

• Solid mechanics 

• Solid state physics or Condensed Matter Physics and the electronic structure of materials 

• Special relativity 

• Standard Model 

• Statistical mechanics 

• Thermodynamics 

Proposed theories 

The proposed theories of physics are usually relatively new theories which deal with the study of physics which 
include scientific approaches, means for determining the validity of models and new types of reasoning used to 
arrive at the theory. However, some proposed theories include theories that have been around for decades and have 
eluded methods of discovery and testing. Proposed theories can include fringe theories in the process of becoming 
established (and, sometimes, gaining wider acceptance). Proposed theories usually have not been tested. 
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Examples 

• Causal Sets 

• Dark energy or Einstein's Cosmological Constant 

• Einstein-Rosen Bridge 

• Emergence 

• Grand unification theory 

• Loop quantum gravity 

• M-theory 

• String theory 

• Supersymmetry 

• Theory of everything 

Fringe theories 

Fringe theories include any new area of scientific endeavor in the process of becoming established and some 
proposed theories. It can include speculative sciences. This includes physics fields and physical theories presented in 
accordance with known evidence, and a body of associated predictions have been made according to that theory. 

Some fringe theories go on to become a widely accepted part of physics. Other fringe theories end up being 
disproven. Some fringe theories are a form of protoscience and others are a form of pseudoscience. The falsification 
of the original theory sometimes leads to reformulation of the theory. 

Examples 

• Dynamic theory of gravity 

• Grand unification theory 

• Luminiferous aether 

• Scalar field theory (pseudoscience) 

• Orgone 

• Biefeld Brown Electrogravity 

Thought experiments vs real experiments 

"Thought" experiments are situations created in ones mind, asking a question akin to "Suppose you are in this 
situation. Assuming such is true, what would follow?". They are usually created to investigate phenomena that are 
not readily experienced in every-day situations. Famous examples of such thought experiments are Schrodinger's cat, 
the EPR thought experiment, simple illustrations of time dilation, and so on. These usually lead to real experiments 
designed to verify that the conclusion (and therefore the assumptions) of the thought experiments are correct. The 
EPR thought experiment lead to the Bell inequalities, which were then tested to various degrees of rigor, leading to 
the acceptance of the current formulation of quantum mechanics and probabilism as a working hypotheses. 
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See also 

• Experimental physics 

• List of theoretical physicists 



Further reading 

• Landau, L. D.; Lifshitz, E. M. (1976). Course of Theoretical Physics. Butterworth-Heinemann. ISBN 
0-7506-2896-0. 

• Morse, Philip; Feshbach, Herman (2005). Methods of Theoretical Physics. Feshbach Publishing. ISBN 
0-9762021-2-3. 
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• Timeline of Theoretical Physics 

• MIT Center for Theoretical Physics 

• Electronic Journal of Theoretical Physics (EJTP) ^ 

• How to Become a Theoretical Physicist by a Nobel Laureate 

• Theory of longitudinal and transversal angular momentums [ ' 



References 

[1] Sometimes mathematical physics and theoretical physics are used synonymously to refer to the latter. 

[2] http://superstringtheory.com/history/history3.html 

[3] http://ctp.lns.mit.edu/index.html 

[4] http://www.ejtp.com 

[5] http://www.phys.uu.nl/~thooft/theorist.html 

[6] http://www.odomann.com 



Theoretical Biophysics 



115 



Theoretical Biophysics 

Biophysics is an interdisciplinary science that uses the methods of physics and physical chemistry to study 
biological systems/ 1 - 1 Studies included under the branches of biophysics span all levels of biological organization, 
from the molecular scale to whole organisms and ecosystems. Biophysical research shares significant overlap with 
biochemistry, nanotechnology, bioengineering, agrophysics and systems biology. 

Molecular biophysics typically addresses biological questions that are similar to those in biochemistry and molecular 
biology, but the questions are approached quantitatively. Scientists in this field conduct research concerned with 
understanding the interactions between the various systems of a cell, including the interactions between DNA, RNA 
and protein biosynthesis, as well as how these interactions are regulated. A great variety of techniques are used to 
answer these questions. 

Fluorescent imaging techniques, as well as electron microscopy, x-ray crystallography, NMR spectroscopy and 
atomic force microscopy (AFM) are often used to visualize structures of biological significance. Conformational 
change in structure can be measured using techniques such as dual polarisation interferometry and circular 
dichroism. Direct manipulation of molecules using optical tweezers or AFM can also be used to monitor biological 
events where forces and distances are at the nanoscale. Molecular biophysicists often consider complex biological 
events as systems of interacting units which can be understood through statistical mechanics, thermodynamics and 
chemical kinetics. By drawing knowledge and experimental techniques from a wide variety of disciplines, 
biophysicists are often able to directly observe, model or even manipulate the structures and interactions of 
individual molecules or complexes of molecules. 

In addition to traditional (i.e. molecular and cellular) biophysical topics like structural biology or enzyme kinetics, 
modern biophysics encompasses an extraordinarily broad range of research. It is becoming increasingly common for 
biophysicists to apply the models and experimental techniques derived from physics, as well as mathematics and 
statistics, to larger systems such as tissues, organs, populations and ecosystems. 

Focus as a subfield 

Biophysics often does not have university-level departments of its own, but has presence as groups across 
departments within the fields of molecular biology, biochemistry, chemistry, computer science, mathematics, 
medicine, pharmacology, physiology, physics, and neuroscience. What follows is a list of examples of how each 
department applies its efforts toward the study of biophysics. This list is hardly all inclusive. Nor does each subject 
of study belong exclusively to any particular department. Each academic institution makes its own rules and there is 
much overlap between departments. 

• Biology and molecular biology - Almost all forms of biophysics efforts are included in some biology department 
somewhere. To include some: gene regulation, single protein dynamics, bioenergetics, patch clamping, 
biomechanics. 

• Structural biology - Angstrom-resolution structures of proteins, nucleic acids, lipids, carbohydrates, and 
complexes thereof. 

• Biochemistry and chemistry - biomolecular structure, SIRNA, nucleic acid structure, structure-activity 
relationships. 

• Computer science - Neural networks, biomolecular and drug databases. 

• Computational chemistry - molecular dynamics simulation, molecular docking, quantum chemistry 

• Bioinformatics - sequence alignment, structural alignment, protein structure prediction 

• Mathematics - graph/network theory, population modeling, dynamical systems, phylogenetics. 

• Medicine and neuroscience - tackling neural networks experimentally (brain slicing) as well as theoretically 
(computer models), membrane permitivity, gene therapy, understanding tumors. 
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• Pharmacology and physiology - channel biology, biomolecular interactions, cellular membranes, polyketides. 

• Physics - biomolecular free energy, stochastic processes, covering dynamics. 

• Quantum Biophysics involves the quantum information of processing of coherent states, entanglement between 
coherent protons and transcriptase components and replication of decohered isomers to yield time-dependent base 
substitutions. These studies imply applicatons in quantum computing. 

• Agronomy Agriculture 

Many biophysical techniques are unique to this field. Research efforts in biophysics are often initiated by scientists 
who were traditional physicists, chemists, and biologists by training. 

See also 

• List of biophysics topics 

• List of biophysicists 

• Biophysical chemistry 

• Medical biophysics 

• Membrane biophysics 

• Molecular biophysics 

• Important publications in biophysics 
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External links 

mi 

• Biophysical Society 

• Educational Resources from Biophysical Society 

• The European Biophysical Societies Association ' 

171 

• The Wellcome Trust Physiome Project - Links 

• Nasif Nahle, Biophysics [8] 
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Mathematical Biophysics 

Mathematical and theoretical biology is an interdisciplinary academic research field with a range of applications in 

biology, medicine and biotechnology.^ The field may be referred to as mathematical biology or biomathematics 

121 

to stress the mathematical side, or as theoretical biology to stress the biological side. It includes at least four 
major subfields: biological mathematical modeling, relational biology/complex systems biology (CSB), 
bio info miotics and computational biomodelinglbiocomputing. 

Mathematical biology aims at the mathematical representation, treatment and modeling of biological processes, 
using a variety of applied mathematical techniques and tools. It has both theoretical and practical applications in 
biological, biomedical and biotechnology research. For example, in cell biology, protein interactions are often 
represented as "cartoon" models, which, although easy to visualize, do not accurately describe the systems studied. 
In order to do this, precise mathematical models are required. By describing the systems in a quantitative manner, 
their behavior can be better simulated, and hence properties can be predicted that might not be evident to the 
experimenter. 



Importance 

Applying mathematics to biology has a long history, but only recently has there been an explosion of interest in the 
field. Some reasons for this include: 

• the explosion of data-rich information sets, due to the genomics revolution, which are difficult to understand 
without the use of analytical tools, 

• recent development of mathematical tools such as chaos theory to help understand complex, nonlinear 
mechanisms in biology, 

• an increase in computing power which enables calculations and simulations to be performed that were not 
previously possible, and 

• an increasing interest in in silico experimentation due to ethical considerations, risk, unreliability and other 
complications involved in human and animal research. 



Mathematical Biophysics 



118 



Areas of research 

Several areas of specialized research in mathematical and theoretical biology^ ^ ^ ^ ^ as well as external links 
to related projects in various universities are concisely presented in the following subsections, including also a large 
number of appropriate validating references from a list of several thousands of published authors contributing to this 
field. Many of the included examples are characterised by highly complex, nonlinear, and supercomplex 
mechanisms, as it is being increasingly recognised that the result of such interactions may only be understood 
through a combination of mathematical, logical, physical/chemical, molecular and computational models. Due to the 
wide diversity of specific knowledge involved, biomathematical research is often done in collaboration between 
mathematicians, biomathematicians, theoretical biologists, physicists, biophysicists, biochemists, bioengineers, 
engineers, biologists, physiologists, research physicians, biomedical researchers, oncologists, molecular biologists, 
geneticists, embryologists, zoologists, chemists, etc. 

Computer models and automata theory 

roi 

A monograph on this topic summarizes an extensive amount of published research in this area up to 1987, 
including subsections in the following areas: computer modeling in biology and medicine, arterial system models, 
neuron models, biochemical and oscillation networks, quantum automata , quantum computers in molecular 
biology and genetics, cancer modelling, neural nets, genetic networks, abstract relational biology, 
metabolic-replication systems, category theory [10] applications in biology and medicine, [11] automata theory,cellular 
automata, tessallation models^ 12 ^ ^ 13 ^ and complete self-reproduction ^ 14 \ chaotic systems in organisms, relational 
biology and organismic theories. ^ 15 ^ ' ' This published report also includes 390 references to peer-reviewed articles 
by a large number of authors.^ ^ 17 ^ 

Modeling cell and molecular biology 

This area has received a boost due to the growing importance of molecular biology/ 6 ^ 

ri9i 

Mechanics of biological tissues 

Theoretical enzymology and enzyme kinetics 

Cancer modelling and simulation [20] [21] 

Modelling the movement of interacting cell populations' 22 ^ 

Mathematical modelling of scar tissue formation 

Mathematical modelling of intracellular dynamics' 24 ^ 

125] 

Mathematical modelling of the cell cycle 



Modelling physiological systems 

• Modelling of arterial disease ' 26 ^ 

• Multi-scale modelling of the heart 



Molecular set theory 

Molecular set theory was introduced by Anthony Bartholomay, and its applications were developed in mathematical 
biology and especially in Mathematical Medicine. [28] Molecular set theory (MST) is a mathematical formulation of 
the wide-sense chemical kinetics of biomolecular reactions in terms of sets of molecules and their chemical 
transformations represented by set-theoretical mappings between molecular sets. In a more general sense, MST is the 
theory of molecular categories defined as categories of molecular sets and their chemical transformations represented 
as set-theoretical mappings of molecular sets. The theory has also contributed to biostatistics and the formulation of 

clinical biochemistry problems in mathematical formulations of pathological, biochemical changes of interest to 

T281 T291 

Physiology, Clinical Biochemistry and Medicine. 



Mathematical Biophysics 



119 



Population dynamics 

Population dynamics has traditionally been the dominant field of mathematical biology. Work in this area dates back 
to the 19th century. The Lotka-Volterra predator-prey equations are a famous example. In the past 30 years, 
population dynamics has been complemented by evolutionary game theory, developed first by John Maynard Smith. 
Under these dynamics, evolutionary biology concepts may take a deterministic mathematical form. Population 
dynamics overlap with another active area of research in mathematical biology: mathematical epidemiology, the 
study of infectious disease affecting populations. Various models of the spread of infections have been proposed and 
analyzed, and provide important results that may be applied to health policy decisions. 

Mathematical methods 

A model of a biological system is converted into a system of equations, although the word 'model' is often used 
synonymously with the system of corresponding equations. The solution of the equations, by either analytical or 
numerical means, describes how the biological system behaves either over time or at equilibrium. There are many 
different types of equations and the type of behavior that can occur is dependent on both the model and the equations 
used. The model often makes assumptions about the system. The equations may also make assumptions about the 
nature of what may occur. 

Mathematical biophysics 

The earlier stages of mathematical biology were dominated by mathematical biophysics, described as the application 
of mathematics in biophysics, often involving specific physical/mathematical models of biosystems and their 
components or compartments. 

The following is a list of mathematical descriptions and their assumptions. 
Deterministic processes (dynamical systems) 

A fixed mapping between an initial state and a final state. Starting from an initial condition and moving forward in 
time, a deterministic process will always generate the same trajectory and no two trajectories cross in state space. 

• Difference equations - discrete time, continuous state space. 

• Ordinary differential equations - continuous time, continuous state space, no spatial derivatives. See also: 
Numerical ordinary differential equations. 

• Partial differential equations - continuous time, continuous state space, spatial derivatives. See also: Numerical 
partial differential equations. 

• Maps - discrete time, continuous state space. 

Stochastic processes (random dynamical systems) 

A random mapping between an initial state and a final state, making the state of the system a random variable with a 
corresponding probability distribution. 

• Non-Markovian processes - generalized master equation - continuous time with memory of past events, discrete 
state space, waiting times of events (or transitions between states) discretely occur and have a generalized 
probability distribution. 

• Jump Markov process - master equation - continuous time with no memory of past events, discrete state space, 
waiting times between events discretely occur and are exponentially distributed. See also: Monte Carlo method 
for numerical simulation methods, specifically continuous -time Monte Carlo which is also called kinetic Monte 
Carlo or the stochastic simulation algorithm. 

• Continuous Markov process - stochastic differential equations or a Fokker-Planck equation - continuous time, 
continuous state space, events occur continuously according to a random Wiener process. 

Spatial modelling 
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One classic work in this area is Alan Turing's paper on morphogenesis entitled The Chemical Basis of 
Morphogenesis, published in 1952 in the Philosophical Transactions of the Royal Society. 

• Travelling waves in a wound-healing assay [30] 

• Swarming behaviour [31] 

• A mechanochemical theory of morphogenesis 

T331 

• Biological pattern formation 

[34] 

• Spatial distribution modeling using plot samples 

Phylogenetics 

Phylogenetics is an area that deals with the reconstruction and analysis of phylogenetic (evolutionary) trees and 

T351 

networks based on inherited characteristics 



Model example: the cell cycle 

The eukaryotic cell cycle is very complex and is one of the most studied topics, since its misregulation leads to 
cancers. It is possibly a good example of a mathematical model as it deals with simple calculus but gives valid 
results. Two research groups ' ] I ? ] have produced several models of the cell cycle simulating several organisms. 
They have recently produced a generic eukaryotic cell cycle model which can represent a particular eukaryote 
depending on the values of the parameters, demonstrating that the idiosyncrasies of the individual cell cycles are due 
to different protein concentrations and affinities, while the underlying mechanisms are conserved (Csikasz-Nagy et 
al., 2006). 

By means of a system of ordinary differential equations these models show the change in time (dynamical system) of 
the protein inside a single typical cell; this type of model is called a deterministic process (whereas a model 
describing a statistical distribution of protein concentrations in a population of cells is called a stochastic process). 
To obtain these equations an iterative series of steps must be done: first the several models and observations are 
combined to form a consensus diagram and the appropriate kinetic laws are chosen to write the differential 
equations, such as rate kinetics for stoichiometric reactions, Michaelis-Menten kinetics for enzyme substrate 
reactions and Goldbeter-Koshland kinetics for ultrasensitive transcription factors, afterwards the parameters of the 
equations (rate constants, enzyme efficiency coefficients and Michealis constants) must be fitted to match 
observations; when they cannot be fitted the kinetic equation is revised and when that is not possible the wiring 
diagram is modified. The parameters are fitted and validated using observations of both wild type and mutants, such 
as protein half-life and cell size. 

In order to fit the parameters the differential equations need to be studied. This can be done either by simulation or 
by analysis. 

In a simulation, given a starting vector (list of the values of the variables), the progression of the system is calculated 
by solving the equations at each time-frame in small increments. 
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In analysis, the proprieties of the 
equations are used to investigate the 
behavior of the system depending of 
the values of the parameters and 
variables. A system of differential 
equations can be represented as a 
vector field, where each vector 
described the change (in concentration 
of two or more protein) determining 
where and how fast the trajectory 
(simulation) is heading. Vector fields 
can have several special points: a 

stable point, called a sink, that attracts in all directions (forcing the concentrations to be at a certain value), an 
unstable point, either a source or a saddle point which repels (forcing the concentrations to change away from a 
certain value), and a limit cycle, a closed trajectory towards which several trajectories spiral towards (making the 
concentrations oscillate). 

A better representation which can handle the large number of variables and parameters is called a bifurcation 
diagram(Bifurcation theory): the presence of these special steady-state points at certain values of a parameter (e.g. 
mass) is represented by a point and once the parameter passes a certain value, a qualitative change occurs, called a 
bifurcation, in which the nature of the space changes, with profound consequences for the protein concentrations: the 
cell cycle has phases (partially corresponding to Gl and G2) in which mass, via a stable point, controls cyclin levels, 
and phases (S and M phases) in which the concentrations change independently, but once the phase has changed at a 
bifurcation event (Cell cycle checkpoint), the system cannot go back to the previous levels since at the current mass 
the vector field is profoundly different and the mass cannot be reversed back through the bifurcation event, making a 
checkpoint irreversible. In particular the S and M checkpoints are regulated by means of special bifurcations called a 
Hopf bifurcation and an infinite period bifurcation. 



BIFURCATION DIAGRAM 

Fixed Points 




Stable steady-state: 



Saddle steady-state: 



• o stable/Unstable limit cycle rr 

The system is in a loop, so at that mass the (MPFJ will oscillate 
with a certain period (complex eigenvalues) 

Singular, ves 

Saddle Node: 

■Ml A stable and an unstable stoady-statos annihilate, beyond 
SN2 wtiieh theio aro no equilibrium points those bifurcation 
events will trigger the exit from Gl and G2 respectively 



SN1 i 2 SN2 3 

cell mass (n) <SNIPEF!, 

dMass/dl = ^m*wMass (exponential growth) 
d[Cln2|/dt = (k it + ^ [SBF]) mass- ka- [Cln2i 
The parameter mass directly controls cyclin levels, expressing 
implicitly its yet unknown mass dependant control mechanism 



HB 



Hopf Bifurcation 

A stable and an unstable sleady-slates annihilate resulting in 
an unstable limit cycle (eigenvalues have no Real part) 



SNIPER Bifurcation 



s from a stable and 



Mathematical/theoretical biologists 

• Nicolas Rashevsky 

• Pere Alberch 

• Anthony F. Bartholomay 

• J. T. Bonner 

• Jack Cowan 

• Walter M. Elsasser 

• Claus Emmeche 

• Andree Ehresmann 

• Marc Feldman 

• Ronald A. Fisher 

• Brian Goodwin 

• Bryan Grenfell 

• J. B. S. Haldane 

• William D. Hamilton 

• Lionel G. Harrison 

• Michael Hassell 

• Sven Erik J0rgensen 

• George Karreman 
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• Stuart Kauffman 

• KaleviKull 

• Herbert D. Landahl 

• Russ Lande 

• Richard Lewontin 

• Philip K. Maini 

• Humberto Maturana 

• Jagannath Mazumdar 

• Robert May 

• John Maynard Smith 

• Gerd B. Miiller 

• James D. Murray 

• Robert V. ONeill 

• Howard Pattee 

• George R. Price 

• Erik Rauch 

• Ronald Brown (mathematician) 

• Johannes Reinke 

• Robert Rosen 

• Lee A. Segel 

• Santiago Schnell 

• William D. Stone 

• George Sugihara 

• Rene Thom 

• Jakob von Uexkiill 

• Robert Ulanowicz 

• Francisco Varela 

• C. H. Waddington 

• Arthur Winfree 

• Lewis Wolpert 

• Sewall Wright 

• Christopher Zeeman 



Mathematical, theoretical and computational biophysicists 

• Nicolas Rashevsky-(Mathematical Biophysics, Mathematical Biology and Mathematical sociology) 

• Ludwig von Bertalanffy 

• Francis Crick-(Theoretical Biophysics) 

• Manfred Eigen-(Quantum Biochemistry) 

• Walter Elsasser-(Theoretical Biology/ Theoretical Biophysics) 

• Herbert Frohlich, FRS 

• Francois Jacob 

• Martin Karplus 

• George Karreman-(Mathematical Biology and Quantum Biology) 

• Herbert D. Landahl-(Mathematical Biology) 

• Ilya, Viscount Prigogine 

• SirJohn Randall-(Theoretical and Experimental Biophysics) 

• James D. Murray 
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• Bernard Pullman-(Quantum Biochemistry) 

• Alberte Pullman-(Quantum Biochemistry) 

• Erwin Schrodinger-(Quantum theory and Quantum Biochemistry) 

• Klaus Schulten 

• Peter Schuster 

• Zeno Simon-(Theoretical Biology) 

• D'Arcy Thompson-(Mathematical Biology) 

• Murray Gell-Mann-(Quantum theory and Theoretical Biophysics) 



See also 

Abstract relational biology [38][39] [40] 

Biocybernetics 

Bioinformatics 

Biologically inspired computing 
Biostatistics 

T31 

Cellular automata 
Coalescent theory 

Complex systems biology'- 41 -' ^ ^ 
Computational biology 

Digital morphogenesis 

• i • u- i [3] [42] [43] [44] [45] [46] 

Dynamical systems in biology 

Epidemiology 

Evolution theories and Population Genetics 

• Population genetics models 

• Molecular evolution theories 
Ewens's sampling formula 
Excitable medium 
Mathematical models 

• Molecular modelling 

• Molecular modelling on GPU 

• Software for molecular modeling 

• Metabolic -replication systems' 47 -' 

• Models of Growth and Form 

• Neighbour-sensing model 
Morphometries 

Organismic systems (OS) [48][49] 

Organismic supercategories [ 48 ^ 42] [50] 

Population dynamics of fisheries 

Protein folding, also blue Gene and folding® home 

Quantum computers 

Quantum genetics 

Relational biology' 5 1] 

Self-reproduction' 52] (also called self-replication in a more general context). 
Computational gene models 
Systems biology 
Theoretical biology' 54 ^ 
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• Topological models of morphogenesis 

• DNA topology 

• DNA sequencing theory 

For use of basic arithmetics in biology, see relevant topic, such as Serial dilution. 

• Biographies 

• Charles Darwin 

• D'Arcy Thompson 

• Joseph Fourier 

• Charles S. Peskin 

• Nicolas Rashevsky ^ 

• Robert Rosen 

• Rosalind Franklin 

• Francis Crick 

• Rene Thom 

• Vito Volterra 



Mathematical and Theoretical Biology Societies and Institutes 

• Division of Mathematical Biology at NIMR 

• Society for Mathematical Biology 

• European Society for Mathematical and Theoretical Biology 
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Bioinformatics 



Bioinformatics is the application of information technology 
and computer science to the field of molecular biology. The 
term bioinformatics was coined by Paulien Hogeweg in 1979 
for the study of informatic processes in biotic systems. Its 
primary use since at least the late 1980s has been in genomics 
and genetics, particularly in those areas of genomics involving 
large-scale DNA sequencing. Bioinformatics now entails the 
creation and advancement of databases, algorithms, 
computational and statistical techniques, and theory to solve 
formal and practical problems arising from the management 
and analysis of biological data. Over the past few decades 
rapid developments in genomic and other molecular research 
technologies and developments in information technologies 
have combined to produce a tremendous amount of 
information related to molecular biology. It is the name given 
to these mathematical and computing approaches used to 
glean understanding of biological processes. Common 
activities in bioinformatics include mapping and analyzing 
DNA and protein sequences, aligning different DNA and 
protein sequences to compare them and creating and viewing 3- 
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Map of the human X chromosome (from the NCBI 
website). Assembly of the human genome is one of the 
greatest achievements of bioinformatics. 



D models of protein structures. 



The primary goal of bioinformatics is to increase our understanding of biological processes. What sets it apart from 
other approaches, however, is its focus on developing and applying computationally intensive techniques (e.g., 
pattern recognition, data mining, machine learning algorithms, and visualization) to achieve this goal. Major research 
efforts in the field include sequence alignment, gene finding, genome assembly, protein structure alignment, protein 
structure prediction, prediction of gene expression and protein-protein interactions, genome-wide association studies 
and the modeling of evolution. 
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Introduction 

Bioinformatics was applied in the creation and maintenance of a database to store biological information at the 
beginning of the "genomic revolution", such as nucleotide and amino acid sequences. Development of this type of 
database involved not only design issues but the development of complex interfaces whereby researchers could both 
access existing data as well as submit new or revised data. 

In order to study how normal cellular activities are altered in different disease states, the biological data must be 
combined to form a comprehensive picture of these activities. Therefore, the field of bioinformatics has evolved such 
that the most pressing task now involves the analysis and interpretation of various types of data, including nucleotide 
and amino acid sequences, protein domains, and protein structures. The actual process of analyzing and interpreting 
data is referred to as computational biology. Important sub-disciplines within bioinformatics and computational 
biology include: 

a) the development and implementation of tools that enable efficient access to, and use and management of, various 
types of information, b) the development of new algorithms (mathematical formulas) and statistics with which to 
assess relationships among members of large data sets, such as methods to locate a gene within a sequence, predict 
protein structure and/or function, and cluster protein sequences into families of related sequences. 

Major research areas 
Sequence analysis 

Since the Phage <I>-X174 was sequenced in 1977, the DNA sequences of thousands of organisms have been decoded 
and stored in databases. This sequence information is analyzed to determine genes that encode polypeptides 
(proteins), RNA genes, regulatory sequences, structural motifs, and repetitive sequences. A comparison of genes 
within a species or between different species can show similarities between protein functions, or relations between 
species (the use of molecular systematics to construct phylogenetic trees). With the growing amount of data, it long 
ago became impractical to analyze DNA sequences manually. Today, computer programs such as BLAST are used 
daily to search the genomes of thousands of organisms, containing billions of nucleotides. These programs can 
compensate for mutations (exchanged, deleted or inserted bases) in the DNA sequence, in order to identify 
sequences that are related, but not identical. A variant of this sequence alignment is used in the sequencing process 
itself. The so-called shotgun sequencing technique (which was used, for example, by The Institute for Genomic 
Research to sequence the first bacterial genome, Haemophilus influenzae) does not produce entire chromosomes, but 
instead generates the sequences of many thousands of small DNA fragments (ranging from 35 to 900 nucleotides 
long, depending on the sequencing technology). The ends of these fragments overlap and, when aligned properly by 
a genome assembly program, can be used to reconstruct the complete genome. Shotgun sequencing yields sequence 
data quickly, but the task of assembling the fragments can be quite complicated for larger genomes. For a genome as 
large as the human genome, it may take many days of CPU time on large-memory, multiprocessor computers to 
assemble the fragments, and the resulting assembly will usually contain numerous gaps that have to be filled in later. 
Shotgun sequencing is the method of choice for virtually all genomes sequenced today, and genome assembly 
algorithms are a critical area of bioinformatics research. 

Another aspect of bioinformatics in sequence analysis is annotation, which involves computational gene finding to 
search for protein-coding genes, RNA genes, and other functional sequences within a genome. Not all of the 
nucleotides within a genome are genes. Within the genome of higher organisms, large parts of the DNA do not serve 
any obvious purpose. This so-called junk DNA may, however, contain unrecognized functional elements. 
Bioinformatics helps to bridge the gap between genome and proteome projects— for example, in the use of DNA 
sequences for protein identification. 
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Genome annotation 

In the context of genomics, annotation is the process of marking the genes and other biological features in a DNA 
sequence. The first genome annotation software system was designed in 1995 by Dr. Owen White, who was part of 
the team at The Institute for Genomic Research that sequenced and analyzed the first genome of a free-living 
organism to be decoded, the bacterium Haemophilus influenzae. Dr. White built a software system to find the genes 
(places in the DNA sequence that encode a protein), the transfer RNA, and other features, and to make initial 
assignments of function to those genes. Most current genome annotation systems work similarly, but the programs 
available for analysis of genomic DNA are constantly changing and improving. 

Computational evolutionary biology 

Evolutionary biology is the study of the origin and descent of species, as well as their change over time. Informatics 
has assisted evolutionary biologists in several key ways; it has enabled researchers to: 

• trace the evolution of a large number of organisms by measuring changes in their DNA, rather than through 
physical taxonomy or physiological observations alone, 

• more recently, compare entire genomes, which permits the study of more complex evolutionary events, such as 
gene duplication, horizontal gene transfer, and the prediction of factors important in bacterial speciation, 

• build complex computational models of populations to predict the outcome of the system over time 

• track and share information on an increasingly large number of species and organisms 

Future work endeavours to reconstruct the now more complex tree of life. 

The area of research within computer science that uses genetic algorithms is sometimes confused with computational 
evolutionary biology, but the two areas are unrelated. 

Analysis of gene expression 

The expression of many genes can be determined by measuring mRNA levels with multiple techniques including 
microarrays, expressed cDNA sequence tag (EST) sequencing, serial analysis of gene expression (SAGE) tag 
sequencing, massively parallel signature sequencing (MPSS), or various applications of multiplexed in-situ 
hybridization. All of these techniques are extremely noise-prone and/or subject to bias in the biological 
measurement, and a major research area in computational biology involves developing statistical tools to separate 
signal from noise in high-throughput gene expression studies. Such studies are often used to determine the genes 
implicated in a disorder: one might compare microarray data from cancerous epithelial cells to data from 
non-cancerous cells to determine the transcripts that are up-regulated and down-regulated in a particular population 
of cancer cells. 

Analysis of regulation 

Regulation is the complex orchestration of events starting with an extracellular signal such as a hormone and leading 
to an increase or decrease in the activity of one or more proteins. Bioinformatics techniques have been applied to 
explore various steps in this process. For example, promoter analysis involves the identification and study of 
sequence motifs in the DNA surrounding the coding region of a gene. These motifs influence the extent to which that 
region is transcribed into mRNA. Expression data can be used to infer gene regulation: one might compare 
microarray data from a wide variety of states of an organism to form hypotheses about the genes involved in each 
state. In a single-cell organism, one might compare stages of the cell cycle, along with various stress conditions (heat 
shock, starvation, etc.). One can then apply clustering algorithms to that expression data to determine which genes 
are co-expressed. For example, the upstream regions (promoters) of co-expressed genes can be searched for 
over-represented regulatory elements. 
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Analysis of protein expression 

Protein microarrays and high throughput (HT) mass spectrometry (MS) can provide a snapshot of the proteins 
present in a biological sample. Bioinformatics is very much involved in making sense of protein microarray and HT 
MS data; the former approach faces similar problems as with microarrays targeted at mRNA, the latter involves the 
problem of matching large amounts of mass data against predicted masses from protein sequence databases, and the 
complicated statistical analysis of samples where multiple, but incomplete peptides from each protein are detected. 

Analysis of mutations in cancer 

In cancer, the genomes of affected cells are rearranged in complex or even unpredictable ways. Massive sequencing 
efforts are used to identify previously unknown point mutations in a variety of genes in cancer. Bioinformaticians 
continue to produce specialized automated systems to manage the sheer volume of sequence data produced, and they 
create new algorithms and software to compare the sequencing results to the growing collection of human genome 
sequences and germline polymorphisms. New physical detection technology are employed, such as oligonucleotide 
microarrays to identify chromosomal gains and losses (called comparative genomic hybridization), and 
single-nucleotide polymorphism arrays to detect known point mutations. These detection methods simultaneously 
measure several hundred thousand sites throughout the genome, and when used in high-throughput to measure 
thousands of samples, generate terabytes of data per experiment. Again the massive amounts and new types of data 
generate new opportunities for bioinformaticians. The data is often found to contain considerable variability, or 
noise, and thus Hidden Markov model and change-point analysis methods are being developed to infer real copy 
number changes. 

Another type of data that requires novel informatics development is the analysis of lesions found to be recurrent 
among many tumors . 

Prediction of protein structure 

Protein structure prediction is another important application of bioinformatics. The amino acid sequence of a protein, 
the so-called primary structure, can be easily determined from the sequence on the gene that codes for it. In the vast 
majority of cases, this primary structure uniquely determines a structure in its native environment. (Of course, there 
are exceptions, such as the bovine spongiform encephalopathy - aka Mad Cow Disease - prion.) Knowledge of this 
structure is vital in understanding the function of the protein. For lack of better terms, structural information is 
usually classified as one of secondary, tertiary and quaternary structure. A viable general solution to such 
predictions remains an open problem. As of now, most efforts have been directed towards heuristics that work most 
of the time. 

One of the key ideas in bioinformatics is the notion of homology. In the genomic branch of bioinformatics, 
homology is used to predict the function of a gene: if the sequence of gene A, whose function is known, is 
homologous to the sequence of gene B, whose function is unknown, one could infer that B may share A's function. In 
the structural branch of bioinformatics, homology is used to determine which parts of a protein are important in 
structure formation and interaction with other proteins. In a technique called homology modeling, this information is 
used to predict the structure of a protein once the structure of a homologous protein is known. This currently remains 
the only way to predict protein structures reliably. 

One example of this is the similar protein homology between hemoglobin in humans and the hemoglobin in legumes 
(leghemoglobin). Both serve the same purpose of transporting oxygen in the organism. Though both of these 
proteins have completely different amino acid sequences, their protein structures are virtually identical, which 
reflects their near identical purposes. 

Other techniques for predicting protein structure include protein threading and de novo (from scratch) physics-based 
modeling. 
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See also: structural motif and structural domain. 

Comparative genomics 

The core of comparative genome analysis is the establishment of the correspondence between genes (orthology 
analysis) or other genomic features in different organisms. It is these intergenomic maps that make it possible to 
trace the evolutionary processes responsible for the divergence of two genomes. A multitude of evolutionary events 
acting at various organizational levels shape genome evolution. At the lowest level, point mutations affect individual 
nucleotides. At a higher level, large chromosomal segments undergo duplication, lateral transfer, inversion, 
transposition, deletion and insertion. Ultimately, whole genomes are involved in processes of hybridization, 
polyploidization and endosymbiosis, often leading to rapid speciation. The complexity of genome evolution poses 
many exciting challenges to developers of mathematical models and algorithms, who have recourse to a spectra of 
algorithmic, statistical and mathematical techniques, ranging from exact, heuristics, fixed parameter and 
approximation algorithms for problems based on parsimony models to Markov Chain Monte Carlo algorithms for 
Bayesian analysis of problems based on probabilistic models. 

Many of these studies are based on the homology detection and protein families computation. 

Modeling biological systems 

Systems biology involves the use of computer simulations of cellular subsystems (such as the networks of 
metabolites and enzymes which comprise metabolism, signal transduction pathways and gene regulatory networks) 
to both analyze and visualize the complex connections of these cellular processes. Artificial life or virtual evolution 
attempts to understand evolutionary processes via the computer simulation of simple (artificial) life forms. 

High-throughput image analysis 

Computational technologies are used to accelerate or fully automate the processing, quantification and analysis of 
large amounts of high-information-content biomedical imagery. Modern image analysis systems augment an 
observer's ability to make measurements from a large or complex set of images, by improving accuracy, objectivity, 
or speed. A fully developed analysis system may completely replace the observer. Although these systems are not 
unique to biomedical imagery, biomedical imaging is becoming more important for both diagnostics and research. 
Some examples are: 

• high-throughput and high-fidelity quantification and sub-cellular localization (high-content screening, 
cytohistopathology) 

• morphometries 

• clinical image analysis and visualization 

• determining the real-time air-flow patterns in breathing lungs of living animals 

• quantifying occlusion size in real-time imagery from the development of and recovery during arterial injury 

• making behavioral observations from extended video recordings of laboratory animals 

• infrared measurements for metabolic activity determination 

• inferring clone overlaps in DNA mapping, e.g. the Sulston score 

Protein-protein docking 

In the last two decades, tens of thousands of protein three-dimensional structures have been determined by X-ray 
crystallography and Protein nuclear magnetic resonance spectroscopy (protein NMR). One central question for the 
biological scientist is whether it is practical to predict possible protein-protein interactions only based on these 3D 
shapes, without doing protein-protein interaction experiments. A variety of methods have been developed to tackle 
the Protein-protein docking problem, though it seems that there is still much work to be done in this field. 
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Software and tools 

Software tools for bioinformatics range from simple command-line tools, to more complex graphical programs and 
standalone web-services available from various bioinformatics companies or public institutions. 

Web services in bioinformatics 

SOAP and REST-based interfaces have been developed for a wide variety of bioinformatics applications allowing an 
application running on one computer in one part of the world to use algorithms, data and computing resources on 
servers in other parts of the world. The main advantages derive from the fact that end users do not have to deal with 
software and database maintenance overheads. 

Basic bioinformatics services are classified by the EBI into three categories: SSS (Sequence Search Services), MSA 
(Multiple Sequence Alignment) and BSA (Biological Sequence Analysis). The availability of these service-oriented 
bioinformatics resources demonstrate the applicability of web based bioinformatics solutions, and range from a 
collection of standalone tools with a common data format under a single, standalone or web-based interface, to 
integrative, distributed and extensible bioinformatics workflow management systems. 



See also 
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X-ray diffraction 



X-ray scattering techniques are a family of 
non-destructive analytical techniques which reveal 
information about the crystallographic structure, 
chemical composition, and physical properties of 
materials and thin films. These techniques are based on 
observing the scattered intensity of an X-ray beam 
hitting a sample as a function of incident and scattered 
angle, polarization, and wavelength or energy. 

X-ray diffraction techniques 

X-ray diffraction finds the geometry or shape of a 
molecule using X-rays. X-ray diffraction techniques are 
based on the elastic scattering of X-rays from structures 
that have long range order. The most comprehensive 
description of scattering from crystals is given by the 
dynamical theory of diffraction. [1] 

• Single-crystal X-ray diffraction is a technique used 
to solve the complete structure of crystalline 
materials, ranging from simple inorganic solids to 
complex macromolecules, such as proteins. 

• Powder diffraction (XRD) is a technique used to characterise the crystallographic structure, crystallite size (grain 
size), and preferred orientation in polycrystalline or powdered solid samples. Powder diffraction is commonly 
used to identify unknown substances, by comparing diffraction data against a database maintained by the 
International Centre for Diffraction Data. It may also be used to characterize heterogeneous solid mixtures to 
determine relative abundance of crystalline compounds and, when coupled with lattice refinement techniques, 
such as Rietveld refinement, can provide structural information on unknown materials. Powder diffraction is also 
a common method for determining strains in crystalline materials. An effect of the finite crystallite sizes is seen as 
a broadening of the peaks in an X-ray diffraction as is explained by the Scherrer Equation. 

• Thin film diffraction and grazing incidence X-ray diffraction may be used to characterize the crystallographic 
structure and preferred orientation of substrate-anchored thin films. 

• High-resolution X-ray diffraction is used to characterize thickness, crystallographic structure, and strain in thin 
epitaxial films. It employs parallel-beam optics. 

• X-ray pole figure analysis enables one to analyze and determine the distribution of crystalline orientations within 
a crystalline thin-film sample. 

• X-ray rocking curve analysis is used to quantify grain size and mosaic spread in crystalline materials. 




This is an X-ray diffraction pattern formed when X-rays are focused 
on a crystalline material, in this case a protein. Each dot, called a 
reflection, forms from the coherent interference of scattered X-rays 
passing through the crystal. 
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Scattering techniques 
Elastic scattering 

Materials that do not have long range order may also be studied by scattering methods that rely on elastic scattering 
of monochromatic X-rays. 

• Small angle X-ray scattering (SAXS) probes structure in the nanometer to micrometer range by measuring 
scattering intensity at scattering angles 26 close to 0°. 

• X-ray reflectivity is an analytical technique for determining thickness, roughness, and density of single layer and 
multilayer thin films. 

• Wide angle X-ray scattering (WAXS), a technique concentrating on scattering angles 26 larger than 5°. 

Inelastic scattering 

When the energy and angle of the inelastically scattered X-rays are monitored scattering techniques can be used to 
probe the electronic band structure of materials. 

• Compton scattering 

• Resonant inelastic X-ray scattering (RIXS) 

• X-ray Raman scattering 

• X-ray diffraction pattern 



See also 

• Structure determination 

• Materials Science 

• Metallurgy 

• Mineralogy 

• X-ray crystallography 

• X-ray generator 
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Nuclear magnetic resonance (NMR) is a property that 
magnetic nuclei have in a magnetic field and applied 
electromagnetic (EM) pulse or pulses, which cause the 
nuclei to absorb energy from the EM pulse and radiate this 
energy back out. The energy radiated back out is at a 
specific resonance frequency which depends on the strength 
of the magnetic field and other factors. This allows the 
observation of specific quantum mechanical magnetic 
properties of an atomic nucleus. Many scientific techniques 
exploit NMR phenomena to study molecular physics, 
crystals and non-crystalline materials through NMR 
spectroscopy. NMR is also routinely used in advanced 
medical imaging techniques, such as in magnetic resonance 
imaging (MRI). 

All stable nuclides that contain an odd number of protons 

and/or of neutrons (see Isotope) have an intrinsic magnetic 

moment and angular momentum, in other words a nonzero 

spin, while all nuclides with even numbers of both have 

spin 0. The most commonly studied nuclei are H (the most 

3 13 

NMR-sensitive isotope after the radioactive H) and C, 
although nuclei from isotopes of many other elements (e.g. 
2 H, 10 B, U B, 14 N, 15 N, 17 0, 19 F, 23 Na, 29 Si, 31 P, 35 C1, 
113 Cd, 195 Pt) are studied by high-field NMR spectroscopy 
as well. 




World's First 1 GHz NMR Spectrometer (1000 MHz, 23.5 T) 
was installed at the new 'Centre de RMN a Tres Hauts Champs' 
in Lyon, France in August 2009 
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A key feature of NMR is that the resonance 
frequency of a particular substance is 
directly proportional to the strength of the 
applied magnetic field. It is this feature that 
is exploited in imaging techniques; if a 
sample is placed in a non-uniform magnetic 
field then the resonance frequencies of the 
sample's nuclei depend on where in the field 
they are located. Since the resolution of the 
imaging techniques depends on how big the 
gradient of the field is, many efforts are 
made to develop more powerful magnets, 
often using superconductors. The 
effectiveness of NMR can also be improved 
using hyperpolarization, and/or using 
two-dimensional, three-dimensional and 
higher dimension multi-frequency 
techniques. 

The principle of NMR usually involves two sequential steps: 

• The alignment (polarization) of the magnetic nuclear spins in an applied, constant magnetic field H Q . 

• The perturbation of this alignment of the nuclear spins by employing an electro-magnetic, usually radio frequency 
(RF) pulse. The required perturbing frequency is dependent upon the static magnetic field (H ) and the nuclei of 
observation. 

The two fields are usually chosen to be perpendicular to each other as this maximizes the NMR signal strength. The 
resulting response by the total magnetization (M) of the nuclear spins is the phenomenon that is exploited in NMR 
spectroscopy and magnetic resonance imaging. Both use intense applied magnetic fields (H 0 ) in order to achieve 
dispersion and very high stability to deliver spectral resolution, the details of which are described by chemical shifts, 
the Zeeman effect, and Knight shifts (in metals). 

NMR phenomena are also utilized in low-field NMR, NMR spectroscopy and MRI in the Earth's magnetic field 
(referred to as Earth's field NMR), and in several types of magnetometers. 

History 

Discovery 

Nuclear magnetic resonance was first described and measured in molecular beams by Isidor Rabi in 1938.^ Eight 
years later, in 1946, Felix Bloch and Edward Mills Purcell refined the technique for use on liquids and solids, for 
which they shared the Nobel Prize in physics in 1952. 

Purcell had worked on the development and radar applications during World War II at Massachusetts Institute of 
Technology's Radiation Laboratory. His work during that project on the production and detection of RF energy, and 
on the absorption of such RF energy by matter, preceded his discovery of NMR. 

1 31 

They noticed that magnetic nuclei, like H and P, could absorb RF energy when placed in a magnetic field of a 
strength specific to the identity of the nuclei. When this absorption occurs, the nucleus is described as being in 
resonance. Different atomic nuclei within a molecule resonate at different (radio) frequencies for the same magnetic 
field strength. The observation of such magnetic resonance frequencies of the nuclei present in a molecule allows 
any trained user to discover essential, chemical and structural information about the molecule. 




Pacific Northwest National Laboratory's high magnetic field (800 MHz, 18.8 T) 
NMR spectrometer. 
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The development of nuclear magnetic resonance as a technique of analytical chemistry and biochemistry parallels 
the development of electromagnetic technology and its introduction into civilian use. 

Theory of nuclear magnetic resonance 
Nuclear spin and magnets 

All nucleons, that is neutrons and protons, composing any atomic nucleus, have the intrinsic quantum property of 
spin. The overall spin of the nucleus is determined by the spin quantum number S. If the number of both the protons 
and neutrons in a given nuclide are even then 5 = 0, i.e. there is no overall spin; just as electrons pair up in atomic 
orbitals, so do even numbers of protons or even numbers of neutrons (which are also spin-V 2 particles and hence 
fermions) pair up giving zero overall spin. 

However, a proton and neutron will have lower energy when their spins are parallel, not anti-parallel, as this 

parallel spin alignment does not infringe upon the Pauli principle, but instead has to do with the quark fine structure 

2 

of these two nucleons. Therefore, the spin ground state for the deuteron (the deuterium nucleus, or the H isotope of 
hydrogen) — that has only a proton and a neutron — corresponds to a spin value of 1, not of zero; the single, isolated 
deuteron is therefore exhibiting an NMR absorption spectrum characteristic of a quadrupolar nucleus of spin 1, 
which in the 'rigid' state at very low temperatures is a characteristic ('Pake') doublet, (not a singlet as for a single, 
isolated l U, or any other isolated fermion or dipolar nucleus of spin 1/2). On the other hand, because of the Pauli 
principle, the (radioactive) tritium isotope has to have a pair of anti-parallel spin neutrons (of total spin zero for the 
neutron spin couple), plus a proton of spin 1/2; therefore, the character of the tritium nucleus ('triton') is again 
magnetic dipolar, not quadrupolar — like its non-radioactive deuteron neighbor, and the tritium nucleus total spin 
value is again 1/2, just like for the simpler, abundant hydrogen isotope, [ H nucleus (the proton). The NMR 
absorption (radio) frequency for tritium is however slightly higher for tritium than that of l U because the tritium 
nucleus has a slightly higher gyromagnetic ratio than l U. In many other cases of non-radioactive nuclei, the overall 

27 5/ 

spin is also non-zero. For example, the Al nucleus has an overall spin value S = 

A non-zero spin is thus always associated with a non-zero magnetic moment («) via the relation ,m = yS, where y is 

the gyromagnetic ratio. It is this magnetic moment that allows the observation of NMR absorption spectra caused by 

transitions between nuclear spin levels. Most nuclides (with some rare exceptions) that have both even numbers of 

protons and even numbers of neutrons, also have zero nuclear magnetic moments-and also have zero magnetic dipole 

18 

and quadrupole moments; therefore, such nuclides do not exhibit any NMR absorption spectra. Thus, O is an 

13 31 35 37 

example of a nuclide that has no NMR absorption, whereas C, P, CI and CI are nuclides that do exhibit NMR 

13 31 

absorption spectra; the last two nuclei are quadrupolar nuclei whereas the preceding two nuclei ( C and P) are 
dipolar ones. 

Electron spin resonance (ESR) is a related technique which detects transitions between electron spin levels instead of 
nuclear ones. The basic principles are similar; however, the instrumentation, data analysis and detailed theory are 
significantly different. Moreover, there is a much smaller number of molecules and materials with unpaired electron 
spins that exhibit ESR (or electron paramagnetic resonance (EPR)) absorption than those that have NMR absorption 
spectra. Significantly also, is the much greater sensitivity of ESR and EPR in comparison with NMR. Furthermore, 
ferromagnetic materials and thin films may exhibit 'very unusual', highly resolved ferromagnetic resonance (FMR) 
spectra, or ferromagnetic spin wave resonance (FSWR) excitations in non-crystalline solids such as ferromagnetic 
metallic glasses, well beyond the common single-transitions of most routine NMR, FMR and EPR studies. ^ ^ 
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Values of spin angular momentum 

The angular momentum associated with nuclear spin is quantized. This means both that the magnitude of angular 
momentum is quantized (i.e. S can only take on a restricted range of values), and also that the orientation of the 
associated angular momentum is quantized. The associated quantum number is known as the magnetic quantum 
number, m, and can take values from +S to -S, in integer steps. Hence for any given nucleus, there is a total of 25 + 1 
angular momentum states. 

The z-component of the angular momentum vector (S) is therefore = mh, where h is the reduced Planck constant. 
The z-component of the magnetic moment is simply: 

(Wz = gS z = gmh 
Spin behavior in a magnetic field 



m s = + 1/2 
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Consider nuclei which have a spin of 
one-half, like l H, 13 C or 19 F. The nucleus 
has two possible spin states: m = V or m = 
(also referred to as spin-up and 
spin-down, or sometimes a and |3 spin 
states, respectively). These states are 
degenerate, that is they have the same 
energy. Hence the number of atoms in these 
two states will be approximately equal at 
thermal equilibrium. 

If a nucleus is placed in a magnetic field, 
however, the interaction between the nuclear 
magnetic moment and the external magnetic 
field mean the two states no longer have the same energy. The energy of a magnetic moment ji when in a magnetic 
field B () is given by: 




Bn = 0 



Magnetic Field 



E 



B r 



-/i z Bo cos i 



Usually B Q is chosen to be aligned along the z axis, therefore cos#=l: 

E = -^ Z B 0 , 

or alternatively: 

E — —gmhBo . 

As a result the different nuclear spin states have different energies in a non-zero magnetic field. In hand-waving 
terms, we can talk about the two spin states of a spin V as being aligned either with or against the magnetic field. If 
g is positive (true for most isotopes) then m= / is the lower energy state. 

The energy difference between the two states is: 

AE = ghB 0 , 

and this difference results in a small population bias toward the lower energy state. 



Magnetic resonance by nuclei 

Resonant absorption by nuclear spins will occur only when electromagnetic radiation of the correct frequency (e.g., 
equaling the Larmor precession rate) is being applied to match the energy difference between the nuclear spin levels 
in a constant magnetic field of the appropriate strength. The energy of an absorbed photon is then E = hv Q , where v Q 
is the resonance radiofrequency that has to match (that is, it has to be equal to) the Larmor precession frequency 
of the nuclear magnetization in the constant magnetic field B . Hence, a magnetic resonance absorption will only 
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occur when AE = hv Q , which is when v Q = gB Q /(2n). Such magnetic resonance frequencies typically correspond to 
the radio frequency (or RF) range of the electromagnetic spectrum for magnetic fields up to -20 T. It is this magnetic 
resonant absorption which is detected in NMR. 

Nuclear shielding 

It might appear from the above that all nuclei of the same nuclide (and hence the same g) would resonate at the same 
frequency. This is not the case. The most important perturbation of the NMR frequency for applications of NMR is 
the 'shielding' effect of the surrounding electrons. In general, this electronic shielding reduces the magnetic field at 
the nucleus (which is what determines the NMR frequency). 

As a result the energy gap is reduced, and the frequency required to achieve resonance is also reduced. This shift in 
the NMR frequency due to the electrons' molecular orbital coupling to the external magnetic field is called chemical 
shift, and it explains why NMR is able to probe the chemical structure of molecules which depends on the electron 
density distribution in the corresponding molecular orbitals. If a nucleus in a specific chemical group is shielded to a 
higher degree by a higher electron density of its surrounding molecular orbital, then its NMR frequency will be 
shifted "upfield" (that is, a lower chemical shift), whereas if it is less shielded by such surrounding electron density, 
then its NMR frequency will be shifted "downfield" (that is, a higher chemical shift). 

Unless the local symmetry of such molecular orbitals is very high (leading to "isotropic" shift), the shielding effect 
will depend on the orientation of the molecule with respect to the external field (B Q ). In solid-state NMR 
spectroscopy, magic angle spinning is required to average out this orientation dependence in order to obtain values 
close to the average chemical shifts. This is unnecessary in conventional NMR investigations of molecules, since 
rapid molecular tumbling averages out the chemical shift anisotropy (CSA). In this case, the term "average" chemical 
shift (ACS) is used. 

Relaxation 

The process called population relaxation refers to nuclei that return to the thermodynamic state in the magnet. This 
process is also called 7" , "spin-lattice" or "longitudinal magnetic" relaxation, where T refers to the mean time for an 
individual nucleus to return to its thermal equilibrium state of the spins. Once the nuclear spin population is relaxed, 
it can be probed again, since it is in the initial, equilibrium (mixed) state. 

The precessing nuclei can also fall out of alignment with each other (returning the net magnetization vector to a 
non-precessing field) and stop producing a signal. This is called or transverse relaxation. Because of the 
difference in the actual relaxation mechanisms involved (for example, inter-molecular vs. intra-molecular magnetic 
dipole-dipole interactions ), T is always longer than T (that is, slower spin-lattice relaxation, for example because 
of smaller dipole-dipole interaction effects). In practice, the value of T*^ which is the actually observed decay time 
of the observed NMR signal, or free induction decay, (to 1/e of the initial amplitude immediately after the resonant 
RF pulse)- also depends on the static magnetic field inhomogeneity, which is quite significant. (There is also a 
smaller but significant contribution to the observed FID shortening from the RF inhomogeneity of the resonant 
pulse). In the corresponding FT-NMR spectrum — meaning the Fourier transform of the free induction decay-the T* 2 
time is inversely related to the width of the NMR signal in frequency units. Thus, a nucleus with a long relaxation 
time gives rise to a very sharp NMR peak in the FT-NMR spectrum for a very homogeneous ( "well-shimmed") 
static magnetic field, whereas nuclei with shorter values give rise to broad FT-NMR peaks even when the magnet 
is shimmed well. Both T and depend on the rate of molecular motions as well as the gyromagnetic ratios of both 
the resonating and their strongly interacting, next-neighbor nuclei that are not at resonance. 
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NMR spectroscopy 



NMR spectroscopy is one of the principal 
techniques used to obtain physical, chemical, 
electronic and structural information about 
molecules due to either the chemical shift, Zeeman 
effect, or the Knight shift effect, or a combination 
of both, on the resonant frequencies of the nuclei 
present in the sample. It is a powerful technique 
that can provide detailed information on the 
topology, dynamics and three-dimensional 
structure of molecules in solution and the solid 
state. Thus, structural and dynamic information is 
obtainable (with or without "magic angle" spinning 
(MAS)) from NMR studies of quadrupolar nuclei 
(that is, those nuclei with spin S > /S) even in the 
presence of magnetic dipole-dipole interaction 
broadening (or simply, dipolar broadening) which 
is always much smaller than the quadrupolar 
interaction strength because it is a magnetic vs. an 
electric interaction effect. 

Additional structural and chemical information 
may be obtained by performing double-quantum 
NMR experiments for quadrupolar nuclei such as 

H. Also, nuclear magnetic resonance is one of the techniques that has been used to design quantum automata, and 




900MHz, 21.2 T NMR Magnet at HWB-NMR, Birmingham, UK 



also build elementary quantum computers 



[5] [6] 



Continuous wave (CW) spectroscopy 

In its first few decades, nuclear magnetic resonance spectrometers used a technique known as continuous-wave 
spectroscopy (CW spectroscopy). Although NMR spectra could be, and have been, obtained using a fixed magnetic 
field and sweeping the frequency of the electromagnetic radiation, this more typically involved using a fixed 
frequency source and varying the current (and hence magnetic field) in an electromagnet to observe the resonant 
absorption signals. This is the origin of the counterintuitive, but still common, "high" and "low" field terminology for 
low frequency and high frequency regions respectively of the NMR spectrum. 

CW spectroscopy is inefficient in comparison to Fourier techniques (see below) as it probes the NMR response at 
individual frequencies in succession. As the NMR signal is intrinsically weak, the observed spectra suffer from a 
poor signal-to-noise ratio. This can be mitigated by signal averaging i.e. adding the spectra from repeated 
measurements. While the NMR signal is constant between scans and so adds linearly, the random noise adds more 
slowly — as the square-root of the number of spectra (see Random walk). Hence the overall ratio of the signal to the 
noise increases as the square-root of the number of spectra measured. 
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Fourier transform spectroscopy 

Most applications of NMR involve full NMR spectra, that is, the intensity of the NMR signal as a function of 
frequency. Early attempts to acquire the NMR spectrum more efficiently than simple CW methods involved 
irradiating simultaneously with more than one frequency. A revolution in NMR occurred when short pulses of 
radio-frequency were used (centered at the middle of the NMR spectrum). In simple terms, a short square pulse of a 
given "carrier" frequency "contains" a range of frequencies centered about the carrier frequency, with the range of 
excitation (bandwidth) being inversely proportional to the pulse duration (the Fourier transform (FT) of an 
approximate square wave contains contributions from all the frequencies in the neighborhood of the principal 
frequency). The restricted range of the NMR frequencies made it relatively easy to use short (millisecond to 
microsecond) radiofrequency (RF) pulses to excite the entire NMR spectrum. 

Applying such a pulse to a set of nuclear spins simultaneously excites all the single-quantum NMR transitions. In 
terms of the net magnetization vector, this corresponds to tilting the magnetization vector away from its equilibrium 
position (aligned along the external magnetic field). The out-of-equilibrium magnetization vector precesses about the 
external magnetic field vector at the NMR frequency of the spins. This oscillating magnetization vector induces a 
current in a nearby pickup coil, creating an electrical signal oscillating at the NMR frequency. This signal is known 
as the free induction decay (FID) and contains the vector-sum of the NMR responses from all the excited spins. In 
order to obtain the frequency-domain NMR spectrum (NMR absorption intensity vs. NMR frequency) this 
time-domain signal (intensity vs. time) must be FTed. Fortunately the development of FT NMR coincided with the 
development of digital computers and Fast Fourier Transform algorithms. FT methods can be applied to many types 
of spectroscopy; see the general article on Fourier transform spectroscopy. 

Richard R. Ernst was one of the pioneers of pulse (FT) NMR and won a Nobel Prize in chemistry in 1991 for his 
work on FT NMR and his development of multi-dimensional NMR (see below). 

Multi-dimensional NMR Spectroscopy 

The use of pulses of different shapes, frequencies and durations in specifically-designed patterns or pulse sequences 
allows the spectroscopist to extract many different types of information about the molecule. Multi-dimensional 
nuclear magnetic resonance spectroscopy is a kind of FT NMR in which there are at least two pulses and, as the 
experiment is repeated, the pulse sequence is varied. In multidimensional nuclear magnetic resonance there will be a 
sequence of pulses and, at least, one variable time period. In three dimensions, two time sequences will be varied. In 
four dimensions, three will be varied. 

There are many such experiments. In one, these time intervals allow (amongst other things) magnetization transfer 
between nuclei and, therefore, the detection of the kinds of nuclear-nuclear interactions that allowed for the 
magnetization transfer. Interactions that can be detected are usually classified into two kinds. There are 
through-bond interactions and through-space interactions, the latter usually being a consequence of the nuclear 
Overhauser effect. Experiments of the nuclear Overhauser variety may be employed to establish distances between 
atoms, as for example by 2D-FT NMR of molecules in solution. 

Although the fundamental concept of 2D-FT NMR was proposed by Professor Jean Jeener from the Free University 
of Brussels at an International Conference, this idea was largely developed by Richard Ernst who won the 1991 

Nobel prize in Chemistry for his work in FT NMR, including multi-dimensional FT NMR, and especially 2D-FT 

F71 

NMR of small molecules. Multi -dimensional FT NMR experiments were then further developed into powerful 

methodologies for studying biomolecules in solution, in particular for the determination of the structure of 

rsi 

biopolymers such as proteins or even small nucleic acids. 

Kurt Wuthrich shared (with John B. Fenn) in 2002 the Nobel Prize in Chemistry for his work in protein FT NMR in 
solution. 
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Solid-state NMR spectroscopy 

This technique complements biopolymer X-ray crystallography in that it is frequently applicable to biomolecules in a 
liquid or liquid crystal phase, whereas crystallography, as the name implies, is performed on molecules in a solid 
phase. Though nuclear magnetic resonance is used to study solids, extensive atomic-level biomolecular structural 
detail is especially challenging to obtain in the solid state. There is little signal averaging by thermal motion in the 
solid state, where most molecules can only undergo restricted vibrations and rotations at room temperature, each in a 
slightly different electronic environment, therefore exhibiting a different NMR absorption peak. Such a variation in 
the electronic environment of the resonating nuclei results in a blurring of the observed spectra — which is often only 
a broad Gaussian band for non-quadrupolar spins in a solid- thus making the interpretation of such "dipolar" and 
"chemical shift anisotropy" (CSA) broadened spectra either very difficult or impossible. 

Professor Raymond Andrew at Nottingham University in UK pioneered the development of high-resolution 
solid-state nuclear magnetic resonance. He was the first to report the introduction of the MAS (magic angle sample 
spinning; MASS) technique that allowed him to achieve spectral resolution in solids sufficient to distinguish between 
chemical groups with either different chemical shifts or distinct Knight shifts. In MASS, the sample is spun at 

2 

several kilohertz around an axis that makes the so-called magic angle 6 (which is -54.74°, where cos 6 = 1/3) 

° m m 

with respect to the direction of the static magnetic field B Q ; as a result of such magic angle sample spinning, the 

chemical shift anisotropy bands are averaged to their corresponding average (isotropic) chemical shift values. The 

2 

above expression involving cos 0^ has its origin in a calculation that predicts the magnetic dipolar interaction effects 
to cancel out for the specific value of 6^ called the magic angle. One notes that correct alignment of the sample 
rotation axis as close as possible to 6^ is essential for cancelling out the dipolar interactions whose strength for 
angles sufficiently far from 9^ is usually greater than -10 kHz for C-H bonds in solids, for example, and it is thus 
greater than their CSA values. 

There are different angles for the sample spinning relative to the applied field for the averaging of quadrupole 
interactions and paramagnetic interactions, correspondingly -30.6° and -70.1° 

A concept developed by Sven Hartmann and Erwin Hahn was utilized in transferring magnetization from protons to 
less sensitive nuclei (popularly known as cross-polarization) by M.G. Gibby, Alex Pines and John S. Waugh. Then, 
Jake Schaefer and Ed Stejskal demonstrated also the powerful use of cross-polarization under MASS conditions 
which is now routinely employed to detect low-abundance and low-sensitivity nuclei. 

Sensitivity 

Because the intensity of nuclear magnetic resonance signals and, hence, the sensitivity of the technique depends on 
the strength of the magnetic field the technique has also advanced over the decades with the development of more 
powerful magnets. Advances made in audio-visual technology have also improved the signal-generation and 
processing capabilities of newer machines. 

As noted above, the sensitivity of nuclear magnetic resonance signals is also dependent on the presence of a 
magnetically-susceptible nuclide and, therefore, either on the natural abundance of such nuclides or on the ability of 
the experimentalist to artificially enrich the molecules, under study, with such nuclides. The most abundant 
naturally-occurring isotopes of hydrogen and phosphorus (for example) are both magnetically susceptible and readily 
useful for nuclear magnetic resonance spectroscopy. In contrast, carbon and nitrogen have useful isotopes but which 
occur only in very low natural abundance. 

Other limitations on sensitivity arise from the quantum-mechanical nature of the phenomenon. For quantum states 
separated by energy equivalent to radio frequencies, thermal energy from the environment causes the populations of 
the states to be close to equal. Since incoming radiation is equally likely to cause stimulated emission (a transition 
from the upper to the lower state) as absorption, the NMR effect depends on an excess of nuclei in the lower states. 
Several factors can reduce sensitivity, including 
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• Increasing temperature, which evens out the population of states. Conversely, low temperature NMR can 
sometimes yield better results than room-temperature NMR, providing the sample remains liquid. 

• Saturation of the sample with energy applied at the resonant radiofrequency. This manifests in both CW and 
pulsed NMR; in the first, CW, case this happens by using too much continuous power that keeps the upper spin 

levels completely populated; in the second case, saturation occurs by pulsing too frequently — without allowing 

29 

time for the nuclei to return to thermal equilibrium through spin-lattice relaxation. For nuclei such as Si this is a 

19 

serious practical problem as the relaxation time is measured in seconds; for protons in "pure" ice, or F in 
high-purity (undoped) LiF crystals the spin-lattice relaxation time can be on the order of an hour or longer. The 
use of shorter RF pulses that tip the magnetization by less than 90° can partially solve the problem by allowing 
spectral acquisition without the complete loss of NMR signal. 

• Non-magnetic effects, such as electric-quadrupole coupling of spin-1 and spin- / nuclei with their local 

14 

environment, which broaden and weaken absorption peaks. N, an abundant spin-1 nucleus, is difficult to study 
for this reason. High resolution NMR instead probes molecules using the rarer 15 N isotope, which has spin- / . 

Isotopes 

rm 

Many chemical elements can be used for NMR analysis. 
Commonly used nuclei: 

• l U, the most commonly used spin Vi nucleus in NMR investigation, has been studied using many forms of NMR. 

Hydrogen is highly abundant, especially in biological systems. It is the nucleus most sensitive to NMR signal 

3 

(apart from H which is not commonly used due to its instability and radioactivity). Proton NMR produces narrow 
chemical shift with sharp signals. The l H signal has been the sole diagnostic nucleus used for clinical magnetic 

resonance imaging. 

2 

• H, a spin 1 nucleus commonly utilized as signal-free medium in the form of deuterated solvents during proton 

NMR, to avoid signal interference from hydrogen-containing solvents in measurement of l U solutes. Also used in 

determining the behavior of lipids in lipid membranes and other solids or liquid crystals as it is a relatively 

1 2 

non-perturbing label which can selectively replace H. Alternatively, H can be detected in media specially 

2 

labeled with H. 

3 

• He, is very sensitive to NMR. There is a very low percentage in natural helium, and subsequently has to be 
purified from 4 He. It is used mainly in studies of endohedral fullerenes, where its chemical inertness is beneficial 
to ascertaining the structure of the entrapping fullerene. 

• 10 B, lower sensitivity than U B. Quartz tubes must be used as borosilicate glass interferes with measurement. 

• n B, more sensitive than 10 B, yields sharper signals. Quartz tubes must be used as borosilicate glass interferes 

with measurement. 
13 

• C spin- 1/2, is widely used, despite its relative paucity in naturally-occurring carbon (approximately 1%). It is 

stable to nuclear decay. Since there is a low percentage in natural carbon, spectrum acquisition on samples which 

13 

have not been experimentally enriched in C takes a long time. Frequently used for labeling of compounds in 
synthetic and metabolic studies. Has low sensitivity and wide chemical shift, yields sharp signals. Low percentage 
makes it useful by preventing spin-spin couplings and makes the spectrum appear less crowded. Slow relaxation 
means that spectra are not integrable unless long acquisition times are used. 

• 14 N, spin-1, medium sensitivity nucleus with wide chemical shift. Its large quadrupole moment interferes in 
acquisition of high resolution spectra, limiting usefulness to smaller molecules and functional groups with a high 
degree of symmetry such as the headgroups of lipids. 

• 15 N, spin-l/2,relatively commonly used. Can be used for labeling compounds. Nucleus very insensitive but yields 
sharp signals. Low percentage in natural nitrogen together with low sensitivity requires high concentrations or 
expensive isotope enrichment. 

17 

• O, spin-5/2, low sensitivity and very low natural abundance (0.037%), wide chemical shifts range (up to 2000 
ppm). Quadrupole moment causing a line broadening. Used in metabolic and biochemical studies in studies of 
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chemical equilibria. 
19 

• F, spin-1/2, relatively commonly measured. Sensitive, yields sharp signals, has wide chemical shift. 

31 

• P, spin-1/2, 100% of natural phosphorus. Medium sensitivity, wide chemical shifts range, yields sharp lines. 
Used in biochemical studies. 

35 37 35 37 

• CI and CI, broad signal. CI significantly more sensitive, preferred over CI despite its slightly broader 

signal. Organic chlorides yield very broad signals, its use is limited to inorganic and ionic chlorides and very 
small organic molecules. 

• 43 Ca, used in biochemistry to study calcium binding to DNA, proteins, etc. Moderately sensitive, very low natural 

abundance. 

195 

• Pt, used in studies of catalysts and complexes. 

Other nuclei (usually used in the studies of their complexes and chemical binding, or to detect presence of the 
element): 

6 Li, 7 Li 

9 Be 

19 F 

21 Ne 

23 Na 

25 Mg 

27 A1 

29 Si 
31 p 

33 S 

39 K, 40 K, 41 K 
45 Sc 
Ti, Ti 

50 y 51 y 

53 Cr 
55 Mn 
57 Fe 
59 Co 
61 Ni 

Cu, Cu 
67 Zn 

69 Ga, 71 Ga 
73 Ge 
77 Se 
81 Br 
87 Rb 
87 Sr 
95 Mo 

109 Ag 
113 Cd 

119 Sn 
l25 Te 

127j 

133 Cs 

135 Ba, 137 Ba 
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• 139 La 
. 183 W 

• 199 Hg 

Applications 

Medicine 

The use of nuclear magnetic resonance best known to the general public is magnetic resonance imaging for medical 
diagnosis and MR Microscopy in research settings, however, it is also widely used in chemical studies, notably in 
NMR spectroscopy such as proton NMR, carbon- 13 NMR, deuterium NMR and phosphorus-31 NMR. Biochemical 
information can also be obtained from living tissue (e.g. human brain tumors) with the technique known as in vivo 
magnetic resonance spectroscopy or chemical shift NMR Microscopy. 

These studies are possible because nuclei are surrounded by orbiting electrons, which are also spinning charged 
particles such as magnets and, so, will partially shield the nuclei. The amount of shielding depends on the exact local 
environment. For example, a hydrogen bonded to an oxygen will be shielded differently than a hydrogen bonded to a 
carbon atom. In addition, two hydrogen nuclei can interact via a process known as spin-spin coupling, if they are on 
the same molecule, which will split the lines of the spectra in a recognizable way. 

Chemistry 

By studying the peaks of nuclear magnetic resonance spectra, chemists can determine the structure of many 
compounds. It can be a very selective technique, distinguishing among many atoms within a molecule or collection 
of molecules of the same type but which differ only in terms of their local chemical environment. See the articles on 
carbon- 13 NMR and proton NMR for detailed discussions. 

By studying ^information, a chemist can determine the identity of a compound by comparing the observed nuclear 
precession frequencies to known frequencies. Further structural data can be elucidated by observing spin-spin 
coupling, a process by which the precession frequency of a nucleus can be influenced by the magnetization transfer 
from nearby nuclei. Spin-spin coupling is most commonly observed in NMR involving common isotopes, such as 
Hydrogen- 1 ('HNMR). 

Because the nuclear magnetic resonance timescale is rather slow, compared to other spectroscopic methods, 
changing the temperature of a ^experiment can also give information about fast reactions, such as the Cope 
rearrangement or about structural dynamics, such as ring-flipping in cyclohexane. At low enough temperatures, a 
distinction can be made between the axial and equatorial hydrogens in cyclohexane. 

An example of nuclear magnetic resonance being used in the determination of a structure is that of 

buckminsterfullerene (often called "buckyballs", composition C 6Q ). This now famous form of carbon has 60 carbon 

atoms forming a sphere. The carbon atoms are all in identical environments and so should see the same internal H 

13 

field. Unfortunately, buckminsterfullerene contains no hydrogen and so C nuclear magnetic resonance has to be 
13 

used. C spectra require longer acquisition times since carbon- 13 is not the common isotope of carbon (unlike 
hydrogen, where l U is the common isotope). However, in 1990 the spectrum was obtained by R. Taylor and 
co-workers at the University of Sussex and was found to contain a single peak, confirming the unusual structure of 
buckminsterfullerene . [ 1 0] 
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Non-destructive testing 

Nuclear magnetic resonance is extremely useful for analyzing samples non-destructively. Radio waves and static 
magnetic fields easily penetrate many types of matter and anything that is not inherently ferromagnetic. For example, 
various expensive biological samples, such as nucleic acids, including RNA and DNA, or proteins, can be studied 
using nuclear magnetic resonance for weeks or months before using destructive biochemical experiments. This also 
makes nuclear magnetic resonance a good choice for analyzing dangerous samples. 

Data acquisition in the petroleum industry 

Another use for nuclear magnetic resonance is data acquisition in the petroleum industry for petroleum and natural 
gas exploration and recovery. A borehole is drilled into rock and sedimentary strata into which nuclear magnetic 
resonance logging equipment is lowered. Nuclear magnetic resonance analysis of these boreholes is used to measure 
rock porosity, estimate permeability from pore size distribution and identify pore fluids (water, oil and gas). These 
instruments are typically low field NMR spectrometers. 

Flow probes for NMR spectroscopy 

Recently, real-time applications of NMR in liquid media have been developed using specifically designed flow 
probes (flow cell assemblies) which can replace standard tube probes (Haner and Keifer, 2009). This has enabled 
techniques that can incorporate the use of high performance liquid chromatography (HPLC) or other continuous flow 
sample introduction devices. R.L Haner and PA, Keifer (2009). "Flow Probes for NMR Spectroscopy". 
Encyclopedia of Magnetic Resonance . doi:10.1002/9780470034590.emrstml085 [11] .</ref> 

Process control 

NMR has now entered the arena of real-time process control and process optimization in oil refineries and 
petrochemical plants. Two different types of NMR analysis are utilized to provide real time analysis of feeds and 
products in order to control and optimize unit operations. Time-domain NMR (TD-NMR) spectrometers operating at 
low field (2-20 MHz for l W) yield free induction decay data that can be used to determine absolute hydrogen content 
values, rheological information, and component composition. These spectrometers are used in mining, polymer 
production, cosmetics and food manufacturing as well as coal analysis. High resolution FT-NMR spectrometers 
operating in the 60 MHz range with shielded permanent magnet systems yield high resolution *H NMR spectra of 
refinery and petrochemical streams. The variation observed in these spectra with changing physical and chemical 
properties is modeled using chemometrics to yield predictions on unknown samples. The prediction results are 
provided to control systems via analogue or digital outputs from the spectrometer. 

Earth's field NMR 

In the Earth's magnetic field, NMR frequencies are in the audio frequency range. Earth's field NMR (EFNMR) is 
typically stimulated by applying a relatively strong dc magnetic field pulse to the sample and, following the pulse, 
analyzing the resulting low frequency alternating magnetic field that occurs in the Earth's magnetic field due to free 
induction decay (FID). These effects are exploited in some types of magnetometers, EFNMR spectrometers, and 
MRI imagers. Their inexpensive portable nature makes these instruments valuable for field use and for teaching the 
principles of NMR and MRI. 
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Quantum computing 

NMR quantum computing uses the spin states of molecules as qubits. NMR differs from other implementations of 
quantum computers in that it uses an ensemble of systems, in this case molecules. The ensemble is initialized to be 
the thermal equilibrium state (see quantum statistical mechanics). 

Magnetometers 

Various magnetometers use NMR effects to measure magnetic fields, including proton precession magnetometers 
(PPM) (also known as proton magnetometers), and Overhauser magnetometers. See also Earth's field NMR. 

Makers of NMR equipment 

Major NMR instrument makers include Oxford Instruments, Bruker, SpinLock, General Electric, JEOL, Kimble 
Chase, Philips, Siemens AG, Varian, Inc. and SpinCore Technologies, Inc. 

See also 

• Carbon-13NMR 

• Chemical shift 

• 2D-FT NMRI and spectroscopy 

• Dynamic nuclear polarisation (DNP) 

• Earth's field NMR (EFNMR) 

• Free induction decay (FID) 

• In vivo magnetic resonance spectroscopy (MRS) 

• J-coupling 

• Larmor equation (Not to be confused with Larmor formula). 

• Larmor precession 

• Low field NMR 

• Magic angle spinning 

• Magnetometer 

• Magnetic resonance imaging (MRI) 

• NMR spectra database 

• NMR spectroscopy 

• NMR Microscopy 

• Nuclear magnetic resonance in porous media 

• Nuclear quadrupole resonance (NQR) 

• Protein dynamics 

• Protein NMR 

• Proton NMR 

• Rabi cycle 

• Relaxometry 

• Relaxation (NMR) 

• Solid-state NMR 

• Zero field NMR 
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External links 
Tutorial 

• NMR/MRI tutorial [15] 

• NMR Library [16] NMR Concept 



Animations and Simulations 

ri7i 

• Animations 

• Animation of NMR spin V precession ^ 

• A free interactive simulation of NMR principles 



Software 

CARA [20] - Computer Aided Resonance Assignment, freeware, developed at the group of Prof. Kurt Wuthrich 

CCPN NMR software suite from community led Collaborative Computing Project for NMR. 

T221 

Janocchio Conformation-dependent coupling and NOE prediction for small molecules. 
Mnova ^ 23 ^ - Multiplatform NMR processing, analysis and prediction software from Mestrelab Research 
NMR processing software from ACD/Labs ^ 25 ^ for ID ' 26 ^ and 2D ^ NMR spectra. DB interface available. 
NMR Prediction software ACD/NMR Predictors [28] 

[29] 

NMR simulation software QSim 

Free software for simulation of spin coupled multiplets and DNMR spectra WINDNMR-Pro ^ 
NMR processing software NMRPipe 

[32] 

RMN - An NMR data processing program for the Macintosh. 

SPINUS LJJJ website that uses neural networks to predict NMR spectra from chemical structures 
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Video 

• introduction to NMR and MRI [34] 

F351 

• Richard Ernst, NL - Developer of Multdimensional NMR techniques Freeview video provided by the Vega 
Science Trust. 

• 'An Interview with Kurt Wuthrich' ^ Freeview video by the Vega Science Trust (Wuthrich was awarded a Nobel 
Prize in Chemistry in 2002 "for his development of nuclear magnetic resonance spectroscopy for determining the 
three-dimensional structure of biological macromolecules in solution"). 



Wiki 

• NMR Wiki [37] Open NMR,EPR,MRI web project 

• NMR wiki in Chinese [38] Chinese NMR, MRI and EPR community 
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2D-FT NMRI and spectroscopy 

2D-FT Nuclear magnetic resonance imaging (2D-FT NMRI), or two-dimensional Fourier transform nuclear 
magnetic resonance imaging (NMRI), is primarily a non-invasive imaging technique most commonly used in 
biomedical research and medical radiology to visualize structures and functions of the living systems and single 
cells. The physical principle^ is essentially the same in N(MRI), nuclear magnetic resonance, FT (NMR) 
spectroscopy, topical NMR, or even in electron spin resonance (ESR); however, the details are significantly different 
at present for ESR, as only in the early days of NMR the static magnetic field was scanned for obtaining spectra, as it 
is still the case in many ESR spectrometers. NMRI, on the other hand, often utilizes a linear magnetic field gradient 
to obtain an image that combines the visualization of molecular structure and dynamics. It is this dynamic aspect of 
NMRI, as well as its highest sensitivity for the H nucleus that distinguishes it very dramatically from X-ray CAT 
scanning that 'misses' hydrogens because of their very low X-ray scattering factor. 



Chemical Shifts 

NMR is a very useful family of 
techniques for chemical and 
biochemical research because of the 
chemical shift; this effect consists in a 
frequency shift of the nuclear magnetic 
resonance for specific chemical groups 
or atoms as a result of the partial 
shielding of the corresponding nuclei 
from the applied, static external 
magnetic field by the electron orbitals 
(or molecular orbitals) surrounding 
such nuclei present in the chemical 
groups. Thus, the higher the electron 
density surrounding a specific nucleus 
the larger the chemical shift will be. 
The resulting magnetic field at the 

nucleus is thus lower than the applied external magnetic field and the resonance frequencies observed as a result of 
such shielding are lower than the value that would be observed in the absence of any electronic orbital shielding. 
Furthermore, in order to obtain a chemical shift value independent of the strength of the applied magnetic field and 
allow for the direct comparison of spectra obtained at different magnetic field values, the chemical shift is defined by 
the ratio of the strength of the local magnetic field value at the observed (electron orbital-shielded) nucleus by the 
external magnetic field strength, H, / H„. The first NMR observations of the chemical shift, with the correct 

loc 0 

physical chemistry interpretation, were reported for F containing compounds in the early 1950s by Herbert S. 
Gutowsky and Charles P. Slichter from the University of Illinois at Urbana (USA). 




Advanced 3 T clinical diagnostics and biomedical research NMR Imaging instrument. 



2D-FT NMRI and spectroscopy 



155 



A related effect in metals is called the Knight shift, which is due only to the conduction electrons. Such conduction 
electrons present in metals induce an "additional" local field at the nuclear site, due to the spin re-orientation of the 
conduction electrons in the presence of the applied (constant), external magnetic field. This is only broadly "similar' 
to the chemical shift in either solutions or diamagnetic solids. 

Two-dimensional Fourier transform imaging and spectroscopy 

2D-FT analysis is a very powerful method for both NMRI and two-dimensional nuclear magnetic resonance 
spectroscopy (2D-FT NMRS) that allows the three-dimensional reconstruction of polymer and biopolymer 
structures at atomic resolution for molecular weights (Mw) of dissolved biopolymers in aqueous solutions (for 
example) up to about 50,000 MW. For larger biopolymers or polymers, more complex methods have been developed 
to obtain limited structural resolution needed for partial 3D-reconstructions of higher molecular structures, e.g. for 
up 900,000 MW or even oriented microcrystals in aqueous suspensions or single crystals; such methods have also 
been reported for in vivo 2D-FT NMR spectroscopic studies of algae, bacteria, yeast and certain mammalian cells, 
including human ones. 

2D-FT Definition 

A 2D-FT, or two-dimensional Fourier transform, transforms a function of two temporal variables into a function of 
two frequency variables. In MRS the frequencies relate to the resonant frequency offsets caused by chemical shift or 
J-coupling. In MRI a resonance frequency offset is introduced as a function of position; the frequency variables in 
the Fourier transformed time-data correspond to spatial location in the final image. 141 

Example 

A 2D Fourier transformation and phase correction is applied to a set of 2D NMR (FID) signals: s(t ,t ) yielding a 
real 2D-FT NMR "spectrum' (collection of ID FT-NMR spectra) represented by a matrix S whose elements are 



where z^iand ^denote the discrete indirect double-quantum and single-quantum(detection) axes, respectively, in 
the 2D NMR experiments. Next, the covariance matrix is calculated in the frequency domain according to the 
following equation 



discrete, double quantum frequencies V\ . 

Brief explanation of NMRI diagnostic uses in Pathology 

As an example, a diseased tissue such as a malignant tumor, can be detected by 2D-FT NMRI because the hydrogen 
nuclei of molecules in different tissues return to their equilibrium spin state at different relaxation rates, and also 
because of the manner in which a malignant tumor spreads and grows rapidly along the blood vessels adjacent to the 
tumor, also inducing further vascularization to occur. By changing the pulse delays in the RF pulse sequence 
employed, and/or the RF pulse sequence itself, one may obtain a "relaxation — based contrast', or contrast 
enhancement between different types of body tissue, such as normal vs. diseased tissue cells for example. 
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See also 
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Magnetic resonance 
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Peter Mansfield 

Computed tomography (CT) 



Solid-state NMR 
Knight shift 

John Hasbrouck Van Vleck 
Chemical shift 
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Protein nuclear magnetic resonance 

spectroscopy 

Kurt Wiithrich 

Nuclear Overhauser effect 

Fourier transform spectroscopy(FTS) 

Jean Jeneer 
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FT-NIRS (NIR) 

Magnetic resonance 
elastography 



Relaxation 
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Further Reading 

• Antoine Abragam. 1968. Principles of Nuclear Magnetic Resonance., 895 pp., Cambridge University Press: 
Cambridge, UK. 

• Charles P. Slichter.1996. Principles of Magnetic Resonance. Springer: Berlin and New York, Third Edition., 
651pp. ISBN 0-387-50157-6. 

• Kurt Wiithrich. 1986, NMR of Proteins and Nucleic Acids., J. Wiley and Sons: New York, Chichester, Brisbane, 
Toronto, Singapore. (Nobel Laureate in 2002 for 2D-FT NMR Studies of Structure and Function of Biological 
Macromolecules [5] 

• Protein structure determination in solution by NMR spectroscopy [6] Kurt Wiithrich. J Biol Chem. 1990 
December 25;265(36):22059-62 

• Richard R. Ernst. 1992. Nuclear Magnetic Resonance Fourier Transform (2D-FT) Spectroscopy. Nobel Lecture 
[7] , on December 9, 1992. 

• Peter Mansfield. 2003 .Nobel Laureate in Physiology and Medicine for (2D and 3D) MRI [8] 

• D. Benett. 2007. PhD Thesis. Worcester Polytechnic Institute. PDF of 2D-FT Imaging Applications to NMRI in 
Medical Research. ' Worcester Polytechnic Institute. (Includes many 2D-FT NMR images of human brains.) 

• Paul Lauterbur. 2003 .Nobel Laureate in Physiology and Medicine for (2D and 3D) MRI. '- 10 -' 

• Jean Jeener. 1971. Two-dimensional Fourier Transform NMR, presented at an Ampere International Summer 
School, Basko Polje, unpublished. A verbatim quote follows from Richard R. Ernst's Nobel Laureate Lecture 
delivered on December 2, 1992, "A new approach to measure two-dimensional (2D) spectra." has been proposed 
by Jean Jeener at an Ampere Summer School in Basko Polje, Yugoslavia, 1971 (Jean Jeneer, 1971)). He suggested 
a 2D Fourier transform experiment consisting of two $\pi/2$ pulses with a variable time $t_l$ between the pulses 
and the time variable $t_2$ measuring the time elapsed after the second pulse as shown in Fig. 6 that expands the 
principles of Fig. 1. Measuring the response $s(t_l,t_2)$ of the two-pulse sequence and Fourier-transformation 
with respect to both time variables produces a two-dimensional spectrum $S(0_1,0_2)$ of the desired form. This 
two-pulse experiment by Jean Jeener is the forefather of a whole class of $2D$ experiments that can also easily be 
expanded to multidimensional spectroscopy. 
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• Dudley, Robert, L (1993). "High-Field NMR Instrumentation". Ch. 10 in Physical Chemistry of Food Processes 
(New York: Van Nostrand-Reinhold) 2: 421-30. ISBN 0-442-00582-2. 

• Baianu, I.C.; Kumosinski, Thomas (August 1993). "NMR Principles and Applications to Structure and 
Hydration,". Ch.9 in Physical Chemistry of Food Processes (New York: Van Nostrand-Reinhold) 2: 338-420. 
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• Haacke, E Mark; Brown, Robert F; Thompson, Michael; Venkatesan, Ramesh (1999). Magnetic resonance 
imaging: physical principles and sequence design. New York: J. Wiley & Sons. ISBN 0-471-35128-8. 

• Raftery D (August 2006). "MRI without the magnet" Proc Natl Acad Sci USA. 103 (34): 12657-8. 
doi:10.1073/pnas.0605625103 [12] . PMID 16912110 [13] . 

• Wu Y, Chesler DA, Glimcher MJ, et al. (February 1999). "Multinuclear solid-state three-dimensional MRI of 
bone and synthetic calcium phosphates" [14 l Proc. Natl. Acad. Sci. U.S.A. 96 (4): 1574-8. 
doi:10.1073/pnas.96.4.1574 [15] . PMID 9990066 [16] . PMC 15521 [17] . 



External links 

• Cardiac Infarct or "heart attack" Imaged in Real Time by 2D-FT NMRI [18] 

ri9i 

• Interactive Flash Animation on MRI - Online Magnetic Resonance Imaging physics and technique course 

• Herbert S . Gutowsky 

• Jiri Jonas and Charles P. Slichter: NMR Memoires at [[NAS [20] ] about Herbert Sander Gutowsky; NAS = 
National Academy of Sciences, USA, ] 

• 3D Animation Movie about MRI Exam 

• International Society for Magnetic Resonance in Medicine ' 22 ^ 

T231 

• Danger of objects flying into the scanner 



Related Wikipedia websites 

• Medical imaging 

• Computed tomography 

• Magnetic resonance microscopy 

• Fourier transform spectroscopy 

• FT-NIRS 

• Chemical imaging 

• Magnetic resonance elastography 

• Nuclear magnetic resonance (NMR) 

• Chemical shift 

• Relaxation 

• Robinson oscillator 

• Earth's field NMR (EFNMR) 

• Rabi cycle 

This article incorporates material by the original author from 2D -FT MR- Imaging and related Nobel awards ^ on 
PlanetPhysics , which is licensed under the GFDL. 
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Vibrational circular dichroism 



Vibrational circular dichroism (VCD) is a spectroscopic technique which detects differences in attenuation of left 
and right circularly polarized light passing through a sample. It is basically circular dichroism spectroscopy in the 
infrared and near infrared ranges^ . 

Because VCD is sensitive to the mutual orientation of distinct groups in a molecule, it provides three-dimensional 
structural information. Thus, it is a powerful technique as VCD spectra of enantiomers can be simulated using ab 
initio calculations, thereby allowing the identification of absolute configurations of small molecules in solution from 
VCD spectra. Among such quantum computations of VCD spectra resulting from the chiral properties of small 
organic molecules are those based on density functional theory (DFT) and gauge-invariant atomic orbitals (GIAO). 
As a simple example of the experimental results that were obtained by VCD are the spectral data obtained within the 
carbon-hydrogen (C-H) stretching region of 21 amino acids in heavy water solutions. Measurements of vibrational 
optical activity (VOA) have thus numerous applications, not only for small molecules, but also for large and 
complex biopolymers such as muscle proteins (myosin, for example) and DNA. 



Vibrational modes 



«^ 




Axedesymetrie 



Agitation moleculaire en milieu aqueux 



Theory of VCD 

While the fundamental quantity associated with the infrared absorption is the dipole strength, the differential 
absorption is proportional also to the rotational strength, a quantity which depends on both the electric and magnetic 
dipole transition moments. Sensitivity of the handedness of a molecule toward circularly polarized light results from 
the form of the rotational strength. 

VCD of peptides and proteins 

Extensive VCD studies have been reported for both polypeptides and several proteins in solution^ ^ ^ ; several 
recent reviews were also compiled^ ^ ^ ^ . An extensive but not comprehensive VCD publications list is also 
provided in the "References" section. The published reports over the last 22 years have established VCD as a 
powerful technique with improved results over those previously obtained by visible/UV circular dichroism (CD) or 
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optical rotatory dispersion (ORD) for proteins and nucleic acids. 

Amino acid and polypeptide structures 
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VCD of nucleic acids 

VCD spectra of nucleotides, synthetic polynucleotides and several nucleic acids, including DNA, have been reported 
and assigned in terms of the type and number of helices present in A- , B-, and Z- DNA. 



VCD Instrumentation 

For biopolymers such as proteins and nucleic acids, the difference in absorbance between the levo- and dextro- 
configurations is five orders of magnitude smaller than the corresonding (unpolarized) absorbance. Therefore, VCD 
of biopolymers requires the use of very sensitive, specially built instrumentation as well as time-averaging over 
relatively long intervals of time even with such sensitive VCD spectrometers. Most CD instruments produce left- and 
right- circularly polarized light which is then either sine -wave or square-wave modulated, with subsequent 
phase-sensitive detection and lock-in amplification of the detected signal. In the case of FT- VCD, a photo-elastic 
modulator (PEM) is employed in conjunction with an FT-IR interferometer set-up. An example is that of a Bomem 
model MB-100 FT-IR interferometer equipped with additional polarizing optics/ accessories needed for recording 
VCD spectra. A parallel beam emerges through a side port of the interferometer which passes first through a wire 
grid linear polarizer and then through an octagonal-shaped ZnSe crystal PEM which modulates the polarized beam at 
a fixed, lower frequency such as 37.5 kHz. A mechanically stressed crystal such as ZnSe exhibits birefringence when 
stressed by an adjacent piezoelectric transducer. The linear polarizer is positioned close to, and at 45 degrees, with 
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respect to the ZnSe crystal axis. The polarized radiation focused onto the detector is doubly modulated, both by the 
PEM and by the interferometer setup. A very low noise detector, such as MCT (HgCdTe), is also selected for the 
VCD signal phase-sensitive detection. Quasi-complete commercial FT- VCD instruments are also available from a 
few manufacturers but these are quite expensive and also have to be still considered as being at the prototype stage. 
To prevent detector saturation an appropriate, long wave pass filter is placed before the very low noise MCT 
detector, which allows only radiation below 1750 cm 1 to reach the MCT detector; the latter however measures 
radiation only down to 750 cm 1 . FT- VCD spectra accumulation of the selected sample solution is then carried out, 
digitized and stored by an in-line computer. Published reviews that compare various VCD methods are also 
available.^ ^ 





M an AR° 



Vibrational circular dichroism 



163 



Magnetic VCD 

VCD spectra have also been reported in the presence of an applied external magnetic field^ 11 ^ . This method can 
enhance the VCD spectral resolution for small molecules [12] [13] [14] [15] [16] . 



Raman optical activity (ROA) 

ROA is a technique complementary to VCD especially useful in the 50 — 1600 cm -1 spectral region; it is considered 
as the technique of choice for determining optical activity for photon energies less than 600 cm -1 . 
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Chemical imaging 



Chemical imaging is the analytical capability (as quantitative - mapping) to create a visual image from simultaneous 
measurement of spectra (as quantitative - chemical) and spatial, time informations. [1] [2] The technique is most often 
applied to either solid or gel samples, and has applications in chemistry, biology [3] [4] [5] [6] [7] [8] , medicine [9] [10] , 
pharmacy 11 1] (see also for example: Chemical Imaging Without Dyeing [12] ), food science, biotechnology^ 13 ^ [14] , 
agriculture and industry (see for example:NIR Chemical Imaging in Pharmaceutical Industry [15] and Pharmaceutical 
Process Analytical Technology: ^ ). NIR, IR and Raman chemical imaging is also referred to as hyperspectral, 
spectroscopic, spectral or multispectral imaging (also see microspectroscopy). However, other ultra-sensitive and 
selective, chemical imaging techniques are also in use that involve either UV-visible or fluorescence 
microspectroscopy. Chemical imaging techniques can be used to analyze samples of all sizes, from the single 
molecule [17] [18] to the cellular level in biology and medicine [19] [20] [21] , and to images of planetary systems in 
astronomy, but different instrumentation is employed for making observations on such widely different systems. 

Chemical imaging instrumentation is composed of three components: a radiation source to illuminate the sample, a 
spectrally selective element, and usually a detector array (the camera) to collect the images. When many stacked 
spectral channels (wavelengths) are collected for different locations of the microspectrometer focus on a line or 
planar array in the focal plane, the data is called hyperspectral; fewer wavelength data sets are called multispectral. 
The data format is called a hypercube. The data set may be visualized as a three-dimensional block of data spanning 
two spatial dimensions (x and y), with a series of wavelengths (lambda) making up the third (spectral) axis. The 
hypercube can be visually and mathematically treated as a series of spectrally resolved images (each image plane 
corresponding to the image at one wavelength) or a series of spatially resolved spectra. The analyst may choose to 
view the spectrum measured at a particular spatial location; this is useful for chemical identification. Alternatively, 
selecting an image plane at a particular wavelength can highlight the spatial distribution of sample components, 
provided that their spectral signatures are different at the selected wavelength. 

Many materials, both manufactured and naturally occurring, derive their functionality from the spatial distribution of 
sample components. For example, extended release pharmaceutical formulations can be achieved by using a coating 
that acts as a barrier layer. The release of active ingredient is controlled by the presence of this barrier, and 
imperfections in the coating, such as discontinuities, may result in altered performance. In the semi-conductor 
industry, irregularities or contaminants in silicon wafers or printed micro-circuits can lead to failure of these 
components. The functionality of biological systems is also dependent upon chemical gradients - a single cell, 
tissue, and even whole organs function because of the very specific arrangement of components. It has been shown 
that even small changes in chemical composition and distribution may be an early indicator of disease. 

Any material that depends on chemical gradients for functionality may be amenable to study by an analytical 
technique that couples spatial and chemical characterization. To efficiently and effectively design and manufacture 
such materials, the 'what' and the 'where' must both be measured. The demand for this type of analysis is increasing 
as manufactured materials become more complex. Chemical imaging techniques not only permit visualization of the 
spatially resolved chemical information that is critical to understanding modern manufactured products, but it is also 
a non-destructive technique so that samples are preserved for further testing. 



History 

Commercially available laboratory-based chemical imaging systems emerged in the early 1990s (ref. 1-5). In 
addition to economic factors, such as the need for sophisticated electronics and extremely high-end computers, a 
significant barrier to commercialization of infrared imaging was that the focal plane array (FPA) needed to read IR 
images were not readily available as commercial items. As high-speed electronics and sophisticated computers 
became more commonplace, and infrared cameras became readily commercially available, laboratory chemical 
imaging systems were introduced. 
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Initially used for novel research in specialized laboratories, chemical imaging became a more commonplace 
analytical technique used for general R&D, quality assurance (QA) and quality control (QC) in less than a decade. 
The rapid acceptance of the technology in a variety of industries (pharmaceutical, polymers, semiconductors, 
security, forensics and agriculture) rests in the wealth of information characterizing both chemical composition and 
morphology. The parallel nature of chemical imaging data makes it possible to analyze multiple samples 
simultaneously for applications that require high throughput analysis in addition to characterizing a single sample. 

Principles 

Chemical imaging shares the fundamentals of vibrational spectroscopic techniques, but provides additional 
information by way of the simultaneous acquisition of spatially resolved spectra. It combines the advantages of 
digital imaging with the attributes of spectroscopic measurements. Briefly, vibrational spectroscopy measures the 
interaction of light with matter. Photons that interact with a sample are either absorbed or scattered; photons of 
specific energy are absorbed, and the pattern of absorption provides information, or a fingerprint, on the molecules 
that are present in the sample. 

On the other hand, in terms of the observation setup, chemical imaging can be carried out in one of the following 
modes: (optical) absorption, emission (fluorescence), (optical) transmission or scattering (Raman). A consensus 
currently exists that the fluorescence (emission) and Raman scattering modes are the most sensitive and powerful, 
but also the most expensive. 

In a transmission measurement, the radiation goes through a sample and is measured by a detector placed on the far 
side of the sample. The energy transferred from the incoming radiation to the molecule(s) can be calculated as the 
difference between the quantity of photons that were emitted by the source and the quantity that is measured by the 
detector. In a diffuse reflectance measurement, the same energy difference measurement is made, but the source and 
detector are located on the same side of the sample, and the photons that are measured have re-emerged from the 
illuminated side of the sample rather than passed through it. The energy may be measured at one or multiple 
wavelengths; when a series of measurements are made, the response curve is called a spectrum. 

A key element in acquiring spectra is that the radiation must somehow be energy selected - either before or after 
interacting with the sample. Wavelength selection can be accomplished with a fixed filter, tunable filter, 
spectrograph, an interferometer, or other devices. For a fixed filter approach, it is not efficient to collect a significant 
number of wavelengths, and multispectral data are usually collected. Interferometer-based chemical imaging requires 
that entire spectral ranges be collected, and therefore results in hyperspectral data. Tunable filters have the flexibility 
to provide either multi- or hyperspectral data, depending on analytical requirements. 

Spectra may be measured one point at a time using a single element detector (single-point mapping), as a line-image 
using a linear array detector (typically 16 to 28 pixels) (linear array mapping), or as a two-dimensional image using a 
Focal Plane Array (FPA)(typically 256 to 16,384 pixels) (FPA imaging). For single-point the sample is moved in the 
x and y directions point-by-point using a computer-controlled stage. With linear array mapping, the sample is moved 
line-by-line with a computer-controlled stage. FPA imaging data are collected with a two-dimensional FPA detector, 
hence capturing the full desired field-of-view at one time for each individual wavelength, without having to move 
the sample. FPA imaging, with its ability to collected tens of thousands of spectra simultaneously is orders of 
magnitude faster than linear arrays which are can typically collect 16 to 28 spectra simultaneously, which are in turn 
much faster than single-point mapping. 
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Terminology 

Some words common in spectroscopy, optical microscopy and photography have been adapted or their scope 
modified for their use in chemical imaging. They include: resolution, field of view and magnification. There are two 
types of resolution in chemical imaging. The spectral resolution refers to the ability to resolve small energy 
differences; it applies to the spectral axis. The spatial resolution is the minimum distance between two objects that is 
required for them to be detected as distinct objects. The spatial resolution is influenced by the field of view, a 
physical measure of the size of the area probed by the analysis. In imaging, the field of view is a product of the 
magnification and the number of pixels in the detector array. The magnification is a ratio of the physical area of the 
detector array divided by the area of the sample field of view. Higher magnifications for the same detector image a 
smaller area of the sample. 

Types of vibrational chemical imaging instruments 

Chemical imaging has been implemented for mid-infrared, near-infrared spectroscopy and Raman spectroscopy. As 
with their bulk spectroscopy counterparts, each imaging technique has particular strengths and weaknesses, and are 
best suited to fulfill different needs. 



Mid-infrared chemical imaging 

Mid-infrared (MIR) spectroscopy probes fundamental molecular vibrations, which arise in the spectral range 
2,500-25,000 nm. Commercial imaging implementations in the MIR region typically employ Fourier Transform 
Infrared (FT-IR) interferometers and the range is more commonly presented in wavenumber, 4,000 — 400 cm" 1 . The 
MIR absorption bands tend to be relatively narrow and well-resolved; direct spectral interpretation is often possible 
by an experienced spectroscopist. MIR spectroscopy can distinguish subtle changes in chemistry and structure, and is 
often used for the identification of unknown materials. The absorptions in this spectral range are relatively strong; 
for this reason, sample presentation is important to limit the amount of material interacting with the incoming 
radiation in the MIR region. Most data collected in this range is collected in transmission mode through thin sections 
(-10 micrometres) of material. Water is a very strong absorber of MIR radiation and wet samples often require 
advanced sampling procedures (such as attenuated total reflectance). Commercial instruments include point and line 
mapping, and imaging. All employ an FT-IR interferometer as wavelength selective element and light source. 

For types of MIR microscope, see 
Microscopy#infrared microscopy. 

Atmospheric windows in the infrared 
spectrum are also employed to perform 
chemical imaging remotely. In these spectral 
regions the atmospheric gases (mainly water 
and C0 2 ) present low absorption and allow 
infrared viewing over kilometer distances. 
Target molecules can then be viewed using 
the selective absorption/emission processes 

described above. An example of the chemical imaging of a simultaneous release of SF 6 and NH 3 is shown in the 
image. 




Remote chemical imaging of a simultaneous release of SF and NH at 1 .5km using 

[22] 3 

the FIRST imaging spectrometer 
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Near-infrared chemical imaging 

The analytical near infrared (NIR) region spans the range from approximately 700-2,500 nm. The absorption bands 
seen in this spectral range arise from overtones and combination bands of O-H, N-H, C-H and S-H stretching and 
bending vibrations. Absorption is one to two orders of magnitude smaller in the NIR compared to the MIR; this 
phenomenon eliminates the need for extensive sample preparation. Thick and thin samples can be analyzed without 
any sample preparation, it is possible to acquire NIR chemical images through some packaging materials, and the 
technique can be used to examine hydrated samples, within limits. Intact samples can be imaged in transmittance or 
diffuse reflectance. 

The lineshapes for overtone and combination bands tend to be much broader and more overlapped than for the 
fundamental bands seen in the MIR. Often, multivariate methods are used to separate spectral signatures of sample 
components. NIR chemical imaging is particularly useful for performing rapid, reproducible and non-destructive 
analyses of known materials'- 23 - 1 [24] . NIR imaging instruments are typically based on one of two platforms: imaging 
using a tunable filter and broad band illumination, and line mapping employing an FT-IR interferometer as the 
wavelength filter and light source. 

Raman chemical imaging 

The Raman shift chemical imaging spectral range spans from approximately 50 to 4,000 cm" 1 ; the actual spectral 
range over which a particular Raman measurement is made is a function of the laser excitation frequency. The basic 
principle behind Raman spectroscopy differs from the MIR and NIR in that the x-axis of the Raman spectrum is 
measured as a function of energy shift (in cm" 1 ) relative to the frequency of the laser used as the source of radiation. 
Briefly, the Raman spectrum arises from inelastic scattering of incident photons, which requires a change in 
polarizability with vibration, as opposed to infrared absorption, which requires a change in dipole moment with 
vibration. The end result is spectral information that is similar and in many cases complementary to the MIR. The 
Raman effect is weak - only about one in 10 photons incident to the sample undergoes Raman scattering. Both 
organic and inorganic materials possess a Raman spectrum; they generally produce sharp bands that are chemically 
specific. Fluorescence is a competing phenomenon and, depending on the sample, can overwhelm the Raman signal, 
for both bulk spectroscopy and imaging implementations. 

Raman chemical imaging requires little or no sample preparation. However, physical sample sectioning may be used 
to expose the surface of interest, with care taken to obtain a surface that is as flat as possible. The conditions required 
for a particular measurement dictate the level of invasiveness of the technique, and samples that are sensitive to high 
power laser radiation may be damaged during analysis. It is relatively insensitive to the presence of water in the 
sample and is therefore useful for imaging samples that contain water such as biological material. 

Fluorescence imaging (visible and NIR) 

This emission microspectroscopy mode is the most sensitive in both visible and FT-NIR microspectroscopy, and has 
therefore numerous biomedical, biotechnological and agricultural applications. There are several powerful, highly 
specific and sensitive fluorescence techniques that are currently in use, or still being developed; among the former 
are FLIM, FRAP, FRET and FLIM-FRET; among the latter are NIR fluorescence and probe-sensitivity enhanced 
NIR fluorescence microspectroscopy and nanospectroscopy techniques (see "Further reading" section). 

Sampling and samples 

The value of imaging lies in the ability to resolve spatial heterogeneities in solid-state or gel/gel-like samples. 
Imaging a liquid or even a suspension has limited use as constant sample motion serves to average spatial 
information, unless ultra-fast recording techniques are employed as in fluorescence correlation microspectroscopy or 
FLIM obsevations where a single molecule may be monitored at extremely high (photon) detection speed. 
High-throughput experiments (such as imaging multi-well plates) of liquid samples can however provide valuable 
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information. In this case, the parallel acquisition of thousands of spectra can be used to compare differences between 
samples, rather than the more common implementation of exploring spatial heterogeneity within a single sample. 

Similarly, there is no benefit in imaging a truly homogeneous sample, as a single point spectrometer will generate 
the same spectral information. Of course the definition of homogeneity is dependent on the spatial resolution of the 
imaging system employed. For MIR imaging, where wavelengths span from 3-10 micrometres, objects on the order 
of 5 micrometres may theoretically be resolved. The sampled areas are limited by current experimental 
implementations because illumination is provided by the interferometer. Raman imaging may be able to resolve 
particles less than 1 micrometre in size, but the sample area that can be illuminated is severely limited. With Raman 
imaging, it is considered impractical to image large areas and, consequently, large samples. FT-NIR 
chemical/hyperspectral imaging usually resolves only larger objects (>10 micrometres), and is better suited for large 
samples because illumination sources are readily available. However, FT-NIR microspectroscopy was recently 
reported to be capable of about 1.2 micron (micrometer) resolution in biological samples Furthermore, 
two-photon excitation FCS experiments were reported to have attained 15 nanometer resolution on biomembrane 
thin films with a special coincidence photon-counting setup. 

Detection limit 

The concept of the detection limit for chemical imaging is quite different than for bulk spectroscopy, as it depends 
on the sample itself. Because a bulk spectrum represents an average of the materials present, the spectral signatures 
of trace components are simply overwhelmed by dilution. In imaging however, each pixel has a corresponding 
spectrum. If the physical size of the trace contaminant is on the order of the pixel size imaged on the sample, its 
spectral signature will likely be detectable. If however, the trace component is dispersed homogeneously (relative to 
pixel image size) throughout a sample, it will not be detectable. Therefore, detection limits of chemical imaging 
techniques are strongly influenced by particle size, the chemical and spatial heterogeneity of the sample, and the 
spatial resolution of the image. 

Data analysis 

Data analysis methods for chemical imaging data sets typically employ mathematical algorithms common to single 
point spectroscopy or to image analysis. The reasoning is that the spectrum acquired by each detector is equivalent to 
a single point spectrum; therefore pre-processing, chemometrics and pattern recognition techniques are utilized with 
the similar goal to separate chemical and physical effects and perform a qualitative or quantitative characterization of 
individual sample components. In the spatial dimension, each chemical image is equivalent to a digital image and 
standard image analysis and robust statistical analysis can be used for feature extraction. 

See also 

• chemical mapping 

• Multispectral image 

• Microspectroscopy 

• Imaging spectroscopy 
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• NIR Chemical Imaging in Pharmaceutical Industry [15] 

• Pharmaceutical Process Analytical Technology: ^ 

• NIR Chemical Imaging for Counterfeit Pharmaceutical Product Analysis ' 27 ^ 
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• Chemical Imaging: Potential New Crime Busting Tool 
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Hyperspectral imaging 

Hyperspectral imaging collects and processes information from across the electromagnetic spectrum. Unlike the 
human eye, which just sees visible light, hyperspectral imaging is more like the eyes of the mantis shrimp, which can 
see visible light as well as from the ultraviolet to infrared. Hyperspectral capabilities enable the mantis shrimp to 
recognize different types of coral, prey, or predators, all which may appear as the same color to the human eye. 

Humans build sensors and processing systems to provide the same type of capability for application in agriculture, 
mineralogy, physics, and surveillance. Hyperspectral sensors look at objects using a vast portion of the 
electromagnetic spectrum. Certain objects leave unique 'fingerprints' across the electromagnetic spectrum. These 
'fingerprints' are known as spectral signatures and enable identification of the materials that make up a scanned 
object. For example, having the spectral signature for oil helps mineralogists find new oil fields. 

Acquisition and Analysis 

Hyperspectral sensors collect information as a set of 'images'. Each 
image represents a range of the electromagnetic spectrum and is also 
known as a spectral band. These 'images' are then combined and form a 
three dimensional hyperspectral cube for processing and analysis. 

Hyperspectral cubes are generated from airborne sensors like the 
NASA's Airborne Visible/Infrared Imaging Spectrometer (AVIRIS), or 

from satellites like NASA's Hyperion.^ However, for many 

[21 

development and validation studies handheld sensors are used. 

The precision of these sensors is typically measured in spectral 
resolution, which is the width of each band of the spectrum that is 
captured. If the scanner picks up on a large number of fairly narrow 
Example of a hyperspectral cube frequency bands, it is possible to identify objects even if said objects 

are only captured in a handful of pixels. However, spatial resolution is 
a factor in addition to spectral resolution. If the pixels are too large, then multiple objects are captured in the same 
pixel and become difficult to identify. If the pixels are too small, then the energy captured by each sensor-cell is low, 
and the decreased signal-to-noise ratio reduces the reliability of measured features. 

MicroMSI, Opticks and Envi are three remote sensing applications that support the processing and analysis of 
hyperspectral data. The acquisition and processing of hyperspectral images is also referred to as imaging 
spectroscopy. 
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Differences between hyperspectral and multispectral imaging 



Hyperspectral imaging is part of a class of techniques commonly 
referred to as spectral imaging or spectral analysis. Hyperspectral 
imaging is related to multispectral imaging. The distinction between 
hyperspectral and multispectral is usually defined as the number of 
spectral bands. Multispectral data contains from tens to hundreds of 
bands. Hyperspectral data contains hundreds to thousands of bands. 
However, hyperspectral imaging may be best defined by the manner in 
which the data is collected. Hyperspectral data is a set of contiguous 
bands (usually by one sensor). Multispectral is a set of optimally 
chosen spectral bands that are typically not contiguous and can be 
collected from multiple sensors. 



Multispectral/ 
>erspectral Comparison 




Applications 

Hyperspectral remote sensing is used in a wide array of real-life applications. Although originally developed for 
mining and geology (the ability of hyperspectral imaging to identify various minerals makes it ideal for the mining 
and oil industries, where it can be used to look for ore and oil^ ^ ) it has now spread into fields as widespread as 
ecology and surveillance, as well as historical manuscript research such as the imaging of the Archimedes 
Palimpsest. This technology is continually becoming more available to the public, and has been used in a wide 
variety of ways. Organizations such as NASA and the USGS have catalogues of various minerals and their spectral 
signatures, and have posted them online to make them readily available for researchers. 



Agriculture 

Although the costs of acquiring hyperspectral images is typically high, for specific crops and in specific climates 
hyperspectral remote sensing is used more and more for monitoring the development and health of crops. In 
Australia work is underway to use imaging spectrometers to detect grape variety, and develop an early warning 
system for disease outbreaks. ^ Furthermore work is underway to use hyperspectral data to detect the chemical 
composition of plants^ which can be used to detect the nutrient and water status of wheat in irrigated systems^ 

Mineralogy 

The original field of development for hyperspectral remote sensing, hyperspectral sensing of minerals is now well 
developed. Many minerals can be identified from images, and their relation to the presence of valuable minerals such 
as gold and diamonds is well understood. Currently the move is towards understanding the relation between oil and 
gas leakages from pipelines and natural wells; their effect on the vegetation and the spectral signatures. Recent work 
includes the PhD dissertations of Werff and Noomen . 



Physics 

Physicists use an electron microscopy technique that involves microanalysis using either Energy dispersive X-ray 
spectroscopy (EDS), Electron energy loss spectroscopy (EELS), Infrared Spectroscopy(IR), Raman Spectroscopy, or 
cathodoluminescence (CL) spectroscopy, in which the entire spectrum measured at each point is recorded. EELS 
hyperspectral imaging is performed in a scanning transmission electron microscope (STEM); EDS and CL mapping 
can be performed in STEM as well, or in a scanning electron microscope or electron probe microanalyzer (EPMA). 
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Often, multiple techniques (EDS, EELS, CL) are used simultaneously. 

In a "normal" mapping experiment, an image of the sample will be made that is simply the intensity of a particular 
emission mapped in an XY raster. For example, an EDS map could be made of a steel sample, in which iron x-ray 
intensity is used for the intensity grayscale of the image. Dark areas in the image would indicate not-iron-bearing 
impurities. This could potentially give misleading results; if the steel contained tungsten inclusions, for example, the 
high atomic number of tungsten could result in bremsstrahlung radiation that made the iron-free areas appear to be 
rich in iron. 

By hyperspectral mapping, instead, the entire spectrum at each mapping point is acquired, and a quantitative analysis 
can be performed by computer post-processing of the data, and a quantitative map of iron content produced. This 
would show which areas contained no iron, despite the anomalous x-ray counts caused by bremsstrahlung. Because 
EELS core-loss edges are small signals on top of a large background, hyperspectral imaging allows large 
improvements to the quality of EELS chemical maps. 

Similarly, in CL mapping, small shifts in the peak emission energy could be mapped, which would give information 
regarding slight chemical composition changes or changes in the stress state of a sample. 

Surveillance 

Hyperspectral surveillance is the implementation of hyperspectral scanning technology for surveillance purposes. 
Hyperspectral imaging is particularly useful in military surveillance because of measures that military entities now 
take to avoid airborne surveillance. Airborne surveillance has been in effect since soldiers used tethered balloons to 
spy on troops during the American Civil War, and since that time we have learned not only to hide from the naked 
eye, but to mask our heat signature to blend in to the surroundings and avoid infrared scanning, as well. The idea that 
drives hyperspectral surveillance is that hyperspectral scanning draws information from such a large portion of the 
light spectrum that any given object should have unique spectral signature in at least a few of the many bands that 
get scanned. [1] 

Advantages and disadvantages 

The primary advantages to hyperspectral imaging is that, because an entire spectrum is acquired at each point, the 
operator needs no prior knowledge of the sample, and post-processing allows all available information from the 
dataset to be mined. 

The primary disadvantages are cost and complexity. Fast computers, sensitive detectors, and large data storage 
capacities are needed for analyzing hyperspectral data. Significant data storage capacity is necessary since 
hyperspectral cubes are large multi-dimensional datasets, potentially exceeding hundreds of megabytes. All of these 
factors greatly increase the cost of acquiring and processing hyperspectral data. Also, one of the hurdles that 
researchers have had to face is finding ways to program hyperspectral satellites to sort through data on their own and 
transmit only the most important images, as both transmission and storage of that much data could prove difficult 
and costly. 1 - 1 - 1 As a relatively new analytical technique, the full potential of hyperspectral imaging has not yet been 
realized. 
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See also 

• Airborne Real-time Cueing Hyperspectral Enhanced Reconnaissance 

• Full Spectral Imaging 

• Multi-spectral image 

• Chemical imaging 

• Remote Sensing 

• Sensor fusion 



External links 

• ITT Visual Information Solutions - ENVI Hyperspectral Image Processing Software ^ 

• A Hyperspectral Imaging Prototype ^ Fourier transform spectroscopy is combined with Fabry-Perot 
interferometry 

• Middleton Research Hyperspectral Imaging products, custom engineering solutions 

ri2i 

• Photon etc. Hyperspectral Imaging Systems 

• UmBio - Evince. Hyperspectral image analysis in real-time. Visual information solutions, see industrial demo 

• [13] 
movies 

ri4i 

• A Matlab Hyperspectral Toolbox 

• Telops Hyper-Cam [15] Commercial infrared hyperspectral camera 
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Quantum Aspects of Life is a science text, with a foreword by Sir Roger Penrose, which notably explores the open 
question of the role of quantum mechanics at molecular scales of relevance to biology. The book adopts a debate-like 
style and contains chapters written by various world-experts; giving rise to both a mix of both skeptical and 
sympathetic viewpoints. The book notably addresses questions of quantum physics, biophysics, nanoscience, 
quantum chemistry, mathematical biology, complexity theory, and philosophy that are inspired by the 1944 seminal 
book What Is Life? by Erwin Schrodinger. 
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Quantum Biochemistry 

Quantum chemistry is a branch of theoretical chemistry, which applies quantum mechanics and quantum field 
theory to address problems in chemistry. The description of the electronic behavior of atoms and molecules as 
pertaining to their reactivity is one of the applications of quantum chemistry. Quantum chemistry lies on the border 
between chemistry and physics, and significant contributions have been made by scientists from both fields. It has a 
strong and active overlap with the field of atomic physics and molecular physics, as well as physical chemistry. 

Quantum chemistry mathematically describes the fundamental behavior of matter at the molecular scale. [1] It is, in 
principle, possible to describe all chemical systems using this theory. In practice, only the simplest chemical systems 
may realistically be investigated in purely quantum mechanical terms, and approximations must be made for most 
practical purposes (e.g., Hartree-Fock, post Hartree-Fock or Density functional theory, see computational chemistry 
for more details). Hence a detailed understanding of quantum mechanics is not necessary for most chemistry, as the 
important implications of the theory (principally the orbital approximation) can be understood and applied in simpler 
terms. 

In quantum mechanics the Hamiltonian, or the physical state, of a particle can be expressed as the sum of two 
operators, one corresponding to kinetic energy and the other to potential energy. The Hamiltonian in the Schrodinger 
wave equation used in quantum chemistry does not contain terms for the spin of the electron. 

Solutions of the Schrodinger equation for the hydrogen atom gives the form of the wave function for atomic orbitals, 
and the relative energy of the various orbitals. The orbital approximation can be used to understand the other atoms 
e.g. helium, lithium and carbon. 

History 

The history of quantum chemistry essentially began with the 1838 discovery of cathode rays by Michael Faraday, 
the 1859 statement of the black body radiation problem by Gustav Kirchhoff, the 1877 suggestion by Ludwig 
Boltzmann that the energy states of a physical system could be discrete, and the 1900 quantum hypothesis by Max 
Planck that any energy radiating atomic system can theoretically be divided into a number of discrete energy 
elements e such that each of these energy elements is proportional to the frequency v with which they each 
individually radiate energy, as defined by the following formula: 

e = hv 

where h is a numerical value called Planck's Constant. Then, in 1905, to explain the photoelectric effect (1839), i.e., 
that shining light on certain materials can function to eject electrons from the material, Albert Einstein postulated, 
based on Planck's quantum hypothesis, that light itself consists of individual quantum particles, which later came to 
be called photons (1926). In the years to follow, this theoretical basis slowly began to be applied to chemical 
structure, reactivity, and bonding. 

Electronic structure 

The first step in solving a quantum chemical problem is usually solving the Schrodinger equation (or Dirac equation 
in relativistic quantum chemistry) with the electronic molecular Hamiltonian. This is called determining the 
electronic structure of the molecule. It can be said that the electronic structure of a molecule or crystal implies 
essentially its chemical properties. An exact solution for the Schrodinger equation can only be obtained for the 
hydrogen atom. Since all other atomic, or molecular systems, involve the motions of three or more "particles", their 
Schrodinger equations cannot be solved exactly and so approximate solutions must be sought. 
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Wave model 

The foundation of quantum mechanics and quantum chemistry is the wave model, in which the atom is a small, 
dense, positively charged nucleus surrounded by electrons. Unlike the earlier Bohr model of the atom, however, the 
wave model describes electrons as "clouds" moving in orbitals, and their positions are represented by probability 
distributions rather than discrete points. The strength of this model lies in its predictive power. Specifically, it 
predicts the pattern of chemically similar elements found in the periodic table. The wave model is so named because 
electrons exhibit properties (such as interference) traditionally associated with waves. See wave -particle duality. 

Valence bond 

Although the mathematical basis of quantum chemistry had been laid by Schrodinger in 1926, it is generally 
accepted that the first true calculation in quantum chemistry was that of the German physicists Walter Heitler and 
Fritz London on the hydrogen (EL,) molecule in 1927. Heitler and London's method was extended by the American 
theoretical physicist John C. Slater and the American theoretical chemist Linus Pauling to become the 
Valence-Bond (VB) [or Heitler-London-Slater-Pauling (HLSP)] method. In this method, attention is primarily 
devoted to the pairwise interactions between atoms, and this method therefore correlates closely with classical 
chemists' drawings of bonds. 

Molecular orbital 

An alternative approach was developed in 1929 by Friedrich Hund and Robert S. Mulliken, in which electrons are 
described by mathematical functions delocalized over an entire molecule. The Hund-Mulliken approach or 
molecular orbital (MO) method is less intuitive to chemists, but has turned out capable of predicting spectroscopic 
properties better than the VB method. This approach is the conceptional basis of the Hartree-Fock method and 
further post Hartree-Fock methods. 

Density functional theory 

The Thomas-Fermi model was developed independently by Thomas and Fermi in 1927. This was the first attempt 
to describe many-electron systems on the basis of electronic density instead of wave functions, although it was not 
very successful in the treatment of entire molecules. The method did provide the basis for what is now known as 
density functional theory. Though this method is less developed than post Hartree-Fock methods, its lower 
computational requirements allow it to tackle larger polyatomic molecules and even macromolecules, which has 
made it the most used method in computational chemistry at present. 

Chemical dynamics 

A further step can consist of solving the Schrodinger equation with the total molecular Hamiltonian in order to study 
the motion of molecules. Direct solution of the Schrodinger equation is called quantum molecular dynamics, within 
the semiclassical approximation semiclassical molecular dynamics, and within the classical mechanics framework 
molecular dynamics (MD). Statistical approaches, using for example Monte Carlo methods, are also possible. 

Adiabatic chemical dynamics 

In adiabatic dynamics, interatomic interactions are represented by single scalar potentials called potential energy 
surfaces. This is the Born-Oppenheimer approximation introduced by Born and Oppenheimer in 1927. Pioneering 
applications of this in chemistry were performed by Rice and Ramsperger in 1927 and Kassel in 1928, and 
generalized into the RRKM theory in 1952 by Marcus who took the transition state theory developed by Eyring in 
1935 into account. These methods enable simple estimates of unimolecular reaction rates from a few characteristics 
of the potential surface. 
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Non-adiabatic chemical dynamics 

Non-adiabatic dynamics consists of taking the interaction between several coupled potential energy surface 
(corresponding to different electronic quantum states of the molecule). The coupling terms are called vibronic 
couplings. The pioneering work in this field was done by Stueckelberg, Landau, and Zener in the 1930s, in their 
work on what is now known as the Landau-Zener transition. Their formula allows the transition probability between 
two diabatic potential curves in the neighborhood of an avoided crossing to be calculated. 

Quantum chemistry and quantum field theory 

The application of quantum field theory (QFT) to chemical systems and theories has become increasingly common 
in the modern physical sciences. One of the first and most fundamentally explicit appearances of this is seen in the 
theory of the photomagneton. In this system, plasmas, which are ubiquitous in both physics and chemistry, are 
studied in order to determine the basic quantization of the underlying bosonic field. However, quantum field theory 
is of interest in many fields of chemistry, including: nuclear chemistry, astrochemistry, sonochemistry, and quantum 
hydrodynamics. Field theoretic methods have also been critical in developing the ab initio Effective Hamiltonian 
theory of semi-empirical pi-electron methods. 

See also 

• Atomic physics 

• Computational chemistry 

• Condensed matter physics 

• International Academy of Quantum Molecular Science 

• Molecular modelling 

• Physical chemistry 

• Quantum chemistry computer programs 

• Quantum electrochemistry 

• QMC@Home 

• Theoretical physics 
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• The Sherrill Group - Notes 

• ChemViz Curriculum Support Resources 

• Early ideas in the history of quantum chemistry 

• The Particle Adventure [5] 



Nobel lectures by quantum chemists 

• Walter Kohn's Nobel lecture ^ 
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• Rudolph Marcus' Nobel lecture 

• Robert Mulliken's Nobel lecture [8] 
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• Linus Pauling's Nobel lecture 
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Nucleic Acids and Molecular Biology 



DNA 



Deoxyribonucleic acid (DNA) is a nucleic acid that contains the 
genetic instructions used in the development and functioning of all 
known living organisms and some viruses. The main role of DNA 
molecules is the long-term storage of information. DNA is often 
compared to a set of blueprints or a recipe, or a code, since it 
contains the instructions needed to construct other components of 
cells, such as proteins and RNA molecules. The DNA segments that 
carry this genetic information are called genes, but other DNA 
sequences have structural purposes, or are involved in regulating 
the use of this genetic information. 

Chemically, DNA consists of two long polymers of simple units 
called nucleotides, with backbones made of sugars and phosphate 
groups joined by ester bonds. These two strands run in opposite 
directions to each other and are therefore anti-parallel. Attached to 
each sugar is one of four types of molecules called bases. It is the 
sequence of these four bases along the backbone that encodes 
information. This information is read using the genetic code, which 
specifies the sequence of the amino acids within proteins. The code 
is read by copying stretches of DNA into the related nucleic acid 
RNA, in a process called transcription. 




The structure of part of a DNA double helix 



Within cells, DNA is organized into long structures called 
chromosomes. These chromosomes are duplicated before cells 

divide, in a process called DNA replication. Eukaryotic organisms (animals, plants, fungi, and protists) store most of 
their DNA inside the cell nucleus and some of their DNA in organelles, such as mitochondria or chloroplasts.^ In 
contrast, prokaryotes (bacteria and archaea) store their DNA only in the cytoplasm. Within the chromosomes, 
chromatin proteins such as histones compact and organize DNA. These compact structures guide the interactions 
between DNA and other proteins, helping control which parts of the DNA are transcribed. 
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Properties 



DNA is a long polymer made from 
repeating units called nucleotides.^ ^ 
[6] The DNA chain is 22 to 
26 Angstroms wide (2.2 to 
2.6 nanometres), and one nucleotide unit 

? T71 

is 3.3 A (0.33 nm) long. Although each 
individual repeating unit is very small, 
DNA polymers can be very large 
molecules containing millions of 
nucleotides. For instance, the largest 
human chromosome, chromosome 
number 1, is approximately 220 million 
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Thymine 



base pairs long 
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Chemical structure of DNA. Hydrogen bonds shown as dotted lines. 



In living organisms, DNA does not 
usually exist as a single molecule, but 
instead as a pair of molecules that are 
held tightly together. ^ These two 
long strands entwine like vines, in the 
shape of a double helix. The nucleotide 
repeats contain both the segment of the 
backbone of the molecule, which holds 
the chain together, and a base, which 
interacts with the other DNA strand in 
the helix. A base linked to a sugar is 
called a nucleoside and a base linked to a sugar and one or more phosphate groups is called a nucleotide. If multiple 
nucleotides are linked together, as in DNA, this polymer is called a polynucleotide^ ^ 

n 21 

The backbone of the DNA strand is made from alternating phosphate and sugar residues. The sugar in DNA is 
2-deoxyribose, which is a pentose (five-carbon) sugar. The sugars are joined together by phosphate groups that form 
phosphodiester bonds between the third and fifth carbon atoms of adjacent sugar rings. These asymmetric bonds 
mean a strand of DNA has a direction. In a double helix the direction of the nucleotides in one strand is opposite to 
their direction in the other strand: the strands are antiparallel. The asymmetric ends of DNA strands are called the 5' 
(five prime) and 3' {three prime) ends, with the 5' end having a terminal phosphate group and the 3' end a terminal 
hydroxyl group. One major difference between DNA and RNA is the sugar, with the 2-deoxyribose in DNA being 
replaced by the alternative pentose sugar ribose in RNA.'- 10 -' 
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The DNA double helix is stabilized by hydrogen bonds between 
the bases attached to the two strands. The four bases found in DNA 
are adenine (abbreviated A), cytosine (C), guanine (G) and thymine 
(T). These four bases are attached to the sugar/phosphate to form 
the complete nucleotide, as shown for adenosine monophosphate. 

These bases are classified into two types; adenine and guanine are 
fused five- and six-membered heterocyclic compounds called 
purines, while cytosine and thymine are six-membered rings called 
pyrimidines.^ A fifth pyrimidine base, called uracil (U), usually 
takes the place of thymine in RNA and differs from thymine by 
lacking a methyl group on its ring. Uracil is not usually found in 
DNA, occurring only as a breakdown product of cytosine. In 
addition to RNA and DNA, a large number of artificial nucleic acid 
analogues have also been created to study the proprieties of nucleic 
acids, or for use in biotechnology.^ 

Grooves 

Twin helical strands form the DNA backbone. Another double 
helix may be found by tracing the spaces, or grooves, between the 
strands. These voids are adjacent to the base pairs and may provide 
a binding site. As the strands are not directly opposite each other, 
the grooves are unequally sized. One groove, the major groove, is 
22 A wide and the other, the minor groove, is 12 A wideJ 15 ^ The 
narrowness of the minor groove means that the edges of the bases 
are more accessible in the major groove. As a result, proteins like 

transcription factors that can bind to specific sequences in double-stranded DNA usually make contacts to the sides 
of the bases exposed in the major groove/ 16 ^ This situation varies in unusual conformations of DNA within the cell 
(see below), but the major and minor grooves are always named to reflect the differences in size that would be seen 
if the DNA is twisted back into the ordinary B form. 




A section of DNA. The bases lie horizontally between 
the two spiraling strands. Animated version at 
File:DNA orbit animated.gif. 



Base pairing 

Each type of base on one strand forms a bond with just one type of base on the other strand. This is called 
complementary base pairing. Here, purines form hydrogen bonds to pyrimidines, with A bonding only to T, and C 
bonding only to G. This arrangement of two nucleotides binding together across the double helix is called a base 

pair. As hydrogen bonds are not covalent, they can be broken and rejoined relatively easily. The two strands of DNA 

1171 

in a double helix can therefore be pulled apart like a zipper, either by a mechanical force or high temperature. As 
a result of this complementarity, all the information in the double-stranded sequence of a DNA helix is duplicated on 
each strand, which is vital in DNA replication. Indeed, this reversible and specific interaction between 
complementary base pairs is critical for all the functions of DNA in living organisms/ 5 ^ 



DNA 



191 



-N 




w v- /x 



H 

o h — r/ 

H O, 




-H 

Guanine M Cytosine 



o <■ 



Adenine Thymine 

Top, a GC base pair with three hydrogen bonds. Bottom, an AT base pair with two hydrogen bonds. Non-covalent 
hydrogen bonds between the pairs are shown as dashed lines. 

The two types of base pairs form different numbers of hydrogen bonds, AT forming two hydrogen bonds, and GC 
forming three hydrogen bonds (see figures, left). DNA with high GC-content is more stable than DNA with low 
GC -content, but contrary to popular belief, this is not due to the extra hydrogen bond of a GC base pair but rather the 

[ 1 on 

contribution of stacking interactions (hydrogen bonding merely provides specificity of the pairing, not stability). 
As a result, it is both the percentage of GC base pairs and the overall length of a DNA double helix that determine 
the strength of the association between the two strands of DNA. Long DNA helices with a high GC content have 

ri9i 

stronger-interacting strands, while short helices with high AT content have weaker-interacting strands. In biology, 

parts of the DNA double helix that need to separate easily, such as the TATAAT Pribnow box in some promoters, 

tend to have a high AT content, making the strands easier to pull apart. In the laboratory, the strength of this 

interaction can be measured by finding the temperature required to break the hydrogen bonds, their melting 

temperature (also called T value). When all the base pairs in a DNA double helix melt, the strands separate and 

exist in solution as two entirely independent molecules. These single-stranded DNA molecules have no single 
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common shape, but some conformations are more stable than others. 

Sense and antisense 

A DNA sequence is called "sense" if its sequence is the same as that of a messenger RNA copy that is translated into 

[221 

protein. The sequence on the opposite strand is called the "antisense" sequence. Both sense and antisense 
sequences can exist on different parts of the same strand of DNA (i.e. both strands contain both sense and antisense 
sequences). In both prokaryotes and eukaryotes, antisense RNA sequences are produced, but the functions of these 

RNAs are not entirely clear. One proposal is that antisense RNAs are involved in regulating gene expression 
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through RNA-RNA base pairing. 

A few DNA sequences in prokaryotes and eukaryotes, and more in plasmids and viruses, blur the distinction between 
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sense and antisense strands by having overlapping genes. In these cases, some DNA sequences do double duty, 

encoding one protein when read along one strand, and a second protein when read in the opposite direction along the 

other strand. In bacteria, this overlap may be involved in the regulation of gene transcription/ 26 ^ while in viruses, 
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overlapping genes increase the amount of information that can be encoded within the small viral genome. 

Supercoiling 

DNA can be twisted like a rope in a process called DNA supercoiling. With DNA in its "relaxed" state, a strand 
usually circles the axis of the double helix once every 10.4 base pairs, but if the DNA is twisted the strands become 

T281 

more tightly or more loosely wound. If the DNA is twisted in the direction of the helix, this is positive 
supercoiling, and the bases are held more tightly together. If they are twisted in the opposite direction, this is 

negative supercoiling, and the bases come apart more easily. In nature, most DNA has slight negative supercoiling 

[29i 

that is introduced by enzymes called topoisomerases. These enzymes are also needed to relieve the twisting 
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stresses introduced into DNA strands during processes such as transcription and DNA replication. 



[30] 



Alternate DNA structures 

DNA exists in many possible conformations 
that include A-DNA, B-DNA, and Z-DNA 
forms, although, only B-DNA and Z-DNA 

have been directly observed in functional 

[12] 

organisms. The conformation that DNA 
adopts depends on the hydration level, DNA 
sequence, the amount and direction of 
supercoiling, chemical modifications of the 
bases, the type and concentration of metal 
ions, as well as the presence of polyamines in 





solution. 



[31] 




From left to right, the structures of A, B and Z DNA 



The first published reports of A-DNA X-ray 

diffraction patterns — and also B-DNA used analyses based on Patterson transforms that provided only a limited 
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amount of structural information for oriented fibers of DNA. An alternate analysis was then proposed by 

Wilkins et al, in 1953, for the in vivo B-DNA X-ray diffraction/scattering patterns of highly hydrated DNA fibers in 
terms of squares of Bessel functions.' 34 ^ In the same journal, Watson and Crick presented their molecular modeling 
analysis of the DNA X-ray diffraction patterns to suggest that the structure was a double-helix.^ 

[35] 

Although the "B-DNA form' is most common under the conditions found in cells, it is not a well-defined 
conformation but a family of related DNA conformations^ 36 ^ that occur at the high hydration levels present in living 
cells. Their corresponding X-ray diffraction and scattering patterns are characteristic of molecular paracrystals with a 
significant degree of disorder. ^ 37 ^ ^ 38 ^ 

Compared to B-DNA, the A-DNA form is a wider right-handed spiral, with a shallow, wide minor groove and a 
narrower, deeper major groove. The A form occurs under non-physiological conditions in partially dehydrated 
samples of DNA, while in the cell it may be produced in hybrid pairings of DNA and RNA strands, as well as in 
enzyme-DNA complexes. ^ ' 4( ^ Segments of DNA where the bases have been chemically modified by methylation 
may undergo a larger change in conformation and adopt the Z form. Here, the strands turn about the helical axis in a 
left-handed spiral, the opposite of the more common B form.'- 41 -' These unusual structures can be recognized by 



specific Z-DNA binding proteins and may be involved in the regulation of transcription 
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Quadruplex structures 

At the ends of the linear chromosomes are 
specialized regions of DNA called telomeres. The 
main function of these regions is to allow the cell to 
replicate chromosome ends using the enzyme 
telomerase, as the enzymes that normally replicate 
DNA cannot copy the extreme 3' ends of 
chromosomes.^ These specialized chromosome 
caps also help protect the DNA ends, and stop the 

DNA repair systems in the cell from treating them as 
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damage to be corrected. In human cells, telomeres 
are usually lengths of single-stranded DNA 
containing several thousand repeats of a simple 



TTAGGG sequence. 



[46] 



DNA quadruplex formed by telomere repeats. The looped conformation 
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of the DNA backbone is very different from the typical DNA helix. 



These guanine-rich sequences may stabilize 
chromosome ends by forming structures of stacked 
sets of four-base units, rather than the usual base 
pairs found in other DNA molecules. Here, four guanine bases form a flat plate and these flat four-base units then 
stack on top of each other, to form a stable G-quadruplex structure. ^ These structures are stabilized by hydrogen 
bonding between the edges of the bases and chelation of a metal ion in the centre of each four-base unit.^ Other 
structures can also be formed, with the central set of four bases coming from either a single strand folded around the 
bases, or several different parallel strands, each contributing one base to the central structure. 

In addition to these stacked structures, telomeres also form large loop structures called telomere loops, or T-loops. 
Here, the single-stranded DNA curls around in a long circle stabilized by telomere -binding proteins/ 49 ^ At the very 
end of the T-loop, the single-stranded telomere DNA is held onto a region of double-stranded DNA by the telomere 
strand disrupting the double-helical DNA and base pairing to one of the two strands. This triple-stranded structure is 
called a displacement loop or D-loop 
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Single branch 


Multiple branches 



Branched DNA can form networks containing multiple branches. 



Branched DNA 

In DNA fraying occurs when non-complementary regions exist at the end of an otherwise complementary 
double-strand of DNA. However, branched DNA can occur if a third strand of DNA is introduced and contains 
adjoining regions able to hybridize with the frayed regions of the pre-existing double-strand. Although the simplest 
example of branched DNA involves only three strands of DNA, complexes involving additional strands and multiple 
branches are also possible J 50 ^ Branched DNA can be used in nanotechnology to construct geometric shapes, see the 
section on uses in technology below. 
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Chemical modifications 
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Structure of cytosine with and without the 5-methyl group. Deamination converts 5-methylcytosine into thymine. 



Base modifications 

The expression of genes is influenced by how the DNA is packaged in chromosomes, in a structure called chromatin. 
Base modifications can be involved in packaging, with regions that have low or no gene expression usually 
containing high levels of methylation of cytosine bases. For example, cytosine methylation, produces 
5-methylcytosine, which is important for X-chromosome inactivation P * The average level of methylation varies 
between organisms - the worm Caenorhabditis elegans lacks cytosine methylation, while vertebrates have higher 
levels, with up to 1% of their DNA containing 5-methylcytosine. Despite the importance of 5-methylcytosine, it 



[53] 



[55] [56] 



can deaminate to leave a thymine base, methylated cytosines are therefore particularly prone to mutations 
base modifications include adenine methylation in bacteria, the presence of 5-hydroxymethylcytosine in the brain 
and the glycosylation of uracil to produce the "J-base" in kinetoplastids 

Damage 

DNA can be damaged by many sorts of mutagens, 
which change the DNA sequence. Mutagens include 
oxidizing agents, alkylating agents and also 
high-energy electromagnetic radiation such as 
ultraviolet light and X-rays. The type of DNA damage 
produced depends on the type of mutagen. For 
example, UV light can damage DNA by producing 
thymine dimers, which are cross-links between 

T5S1 

pyrimidine bases. On the other hand, oxidants such 
as free radicals or hydrogen peroxide produce multiple 

forms of damage, including base modifications, 

[59] 

particularly of guanosine, and double-strand breaks. 
A typical human cell contains about 150,000 bases that 
have suffered oxidative damage J 60 -' Of these oxidative 
lesions, the most dangerous are double-strand breaks, 
as these are difficult to repair and can produce point 
mutations, insertions and deletions from the DNA 
sequence, as well as chromosomal translocations 



Other 
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Many mutagens fit into the space between two adjacent 
base pairs, this is called intercalating. Most 
intercalators are aromatic and planar molecules, and 
include Ethidium bromide, daunomycin, and 




A covalent adduct between benzo[a]pyrene, the major mutagen in 

[57] 

tobacco smoke, and DNA 
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doxorubicin. In order for an intercalator to fit between base pairs, the bases must separate, distorting the DNA 
strands by unwinding of the double helix. This inhibits both transcription and DNA replication, causing toxicity and 
mutations. As a result, DNA intercalators are often carcinogens, and Benzo[a]pyrene diol epoxide, acridines, 
aflatoxin and ethidium bromide are well-known examples. ^ ^ 63 ^ ^ Nevertheless, due to their ability to inhibit 
DNA transcription and replication, other similar toxins are also used in chemotherapy to inhibit rapidly growing 
cancer cells J 65 ^ 



Biological functions 

DNA usually occurs as linear chromosomes in eukaryotes, and circular chromosomes in prokaryotes. The set of 
chromosomes in a cell makes up its genome; the human genome has approximately 3 billion base pairs of DNA 
arranged into 46 chromosomes. [66] The information carried by DNA is held in the sequence of pieces of DNA called 
genes. Transmission of genetic information in genes is achieved via complementary base pairing. For example, in 
transcription, when a cell uses the information in a gene, the DNA sequence is copied into a complementary RNA 
sequence through the attraction between the DNA and the correct RNA nucleotides. Usually, this RNA copy is then 
used to make a matching protein sequence in a process called translation which depends on the same interaction 
between RNA nucleotides. Alternatively, a cell may simply copy its genetic information in a process called DNA 
replication. The details of these functions are covered in other articles; here we focus on the interactions between 
DNA and other molecules that mediate the function of the genome. 

Genes and genomes 

Genomic DNA is located in the cell nucleus of eukaryotes, as well as small amounts in mitochondria and 
chloroplasts. In prokaryotes, the DNA is held within an irregularly shaped body in the cytoplasm called the 
nucleoid. [67] The genetic information in a genome is held within genes, and the complete set of this information in an 
organism is called its genotype. A gene is a unit of heredity and is a region of DNA that influences a particular 
characteristic in an organism. Genes contain an open reading frame that can be transcribed, as well as regulatory 
sequences such as promoters and enhancers, which control the transcription of the open reading frame. 

In many species, only a small fraction of the total sequence of the genome encodes protein. For example, only about 
1.5% of the human genome consists of protein-coding exons, with over 50% of human DNA consisting of 
non-coding repetitive sequences. ^ The reasons for the presence of so much non-coding DNA in eukaryotic 
genomes and the extraordinary differences in genome size, or C-value, among species represent a long-standing 
puzzle known as the "C-value enigma. " [69] However, DNA sequences that do not code protein may still encode 
functional non-coding RNA molecules, which are involved in the regulation of gene expression. [70] 
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Some non-coding DNA sequences play 
structural roles in chromosomes. Telomeres 
and centromeres typically contain few 
genes, but are important for the function and 
stability of chromosomes.^ ^ 72 ^ An 
abundant form of non-coding DNA in 
humans are pseudogenes, which are copies 
of genes that have been disabled by 
mutation. ^ These sequences are usually 
just molecular fossils, although they can 
occasionally serve as raw genetic material 
for the creation of new genes through the 
process of gene duplication and 

T7 RNA polymerase (blue) producing a mRNA (green) from a DNA template divergence, 
(orange). 

Transcription and translation 

A gene is a sequence of DNA that contains genetic information and can influence the phenotype of an organism. 
Within a gene, the sequence of bases along a DNA strand defines a messenger RNA sequence, which then defines 
one or more protein sequences. The relationship between the nucleotide sequences of genes and the amino-acid 
sequences of proteins is determined by the rules of translation, known collectively as the genetic code. The genetic 
code consists of three-letter 'words' called codons formed from a sequence of three nucleotides (e.g. ACT, CAG, 
TTT). 

In transcription, the codons of a gene are copied into messenger RNA by RNA polymerase. This RNA copy is then 
decoded by a ribosome that reads the RNA sequence by base-pairing the messenger RNA to transfer RNA, which 
carries amino acids. Since there are 4 bases in 3-letter combinations, there are 64 possible codons ( 4 3 
combinations). These encode the twenty standard amino acids, giving most amino acids more than one possible 
codon. There are also three 'stop' or 'nonsense' codons signifying the end of the coding region; these are the TAA, 
TGA and TAG codons. 




Replication 

Cell division is essential for an 
organism to grow, but when a cell 
divides it must replicate the DNA in its 
genome so that the two daughter cells 
have the same genetic information as 
their parent. The double-stranded 
structure of DNA provides a simple 
mechanism for DNA replication. Here, 
the two strands are separated and then 
each strand's complementary DNA 
sequence is recreated by an enzyme 
called DNA polymerase. This enzyme 
makes the complementary strand by 



DNA ligase 
DNA Polymerase (Pola) . 




Okazaki fragment 



Leading 
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DNA Polymerase (Polft) 
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DNA replication. The double helix is unwound by a helicase and topoisomerase. Next, 
one DNA polymerase produces the leading strand copy. Another DNA polymerase binds 
to the lagging strand. This enzyme makes discontinuous segments (called Okazaki 
fragments) before DNA ligase joins them together. 



finding the correct base through complementary base pairing, and bonding it onto the original strand. As DNA 
polymerases can only extend a DNA strand in a 5' to 3' direction, different mechanisms are used to copy the 
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antiparallel strands of the double helix. In this way, the base on the old strand dictates which base appears on the 
new strand, and the cell ends up with a perfect copy of its DNA. 



Interactions with proteins 

All the functions of DNA depend on interactions with proteins. These protein interactions can be non-specific, or the 
protein can bind specifically to a single DNA sequence. Enzymes can also bind to DNA and of these, the 
polymerases that copy the DNA base sequence in transcription and DNA replication are particularly important. 



DNA-binding proteins 




Interaction of DNA with histones (shown in white, top). These proteins' basic amino acids (below left, blue) bind to 
the acidic phosphate groups on DNA (below right, red). 

Structural proteins that bind DNA are well-understood examples of non-specific DNA-protein interactions. Within 
chromosomes, DNA is held in complexes with structural proteins. These proteins organize the DNA into a compact 
structure called chromatin. In eukaryotes this structure involves DNA binding to a complex of small basic proteins 
called histones, while in prokaryotes multiple types of proteins are involved. ^ ^ 77 ^ The histones form a disk-shaped 
complex called a nucleosome, which contains two complete turns of double-stranded DNA wrapped around its 
surface. These non-specific interactions are formed through basic residues in the histones making ionic bonds to the 
acidic sugar-phosphate backbone of the DNA, and are therefore largely independent of the base sequence 



[78] 
[79] 



Chemical modifications of these basic amino acid residues include methylation, phosphorylation and acetylation. 
These chemical changes alter the strength of the interaction between the DNA and the histones, making the DNA 
more or less accessible to transcription factors and changing the rate of transcription.^ ^ Other non-specific 
DNA-binding proteins in chromatin include the high-mobility group proteins, which bind to bent or distorted 

ro 1 ] 

DNA. These proteins are important in bending arrays of nucleosomes and arranging them into the larger 
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structures that make up chromosomes. 

A distinct group of DNA-binding proteins are the DNA-binding proteins that specifically bind single-stranded DNA. 
In humans, replication protein A is the best-understood member of this family and is used in processes where the 

roil 

double helix is separated, including DNA replication, recombination and DNA repair. These binding proteins 
seem to stabilize single-stranded DNA and protect it from forming stem-loops or being degraded by nucleases. 
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In contrast, other proteins have evolved to bind to particular DNA 
sequences. The most intensively studied of these are the various 
transcription factors, which are proteins that regulate transcription. 
Each transcription factor binds to one particular set of DNA 
sequences and activates or inhibits the transcription of genes that have 
these sequences close to their promoters. The transcription factors do 
this in two ways. Firstly, they can bind the RNA polymerase 
responsible for transcription, either directly or through other mediator 
proteins; this locates the polymerase at the promoter and allows it to 
begin transcription. Alternatively, transcription factors can bind 
enzymes that modify the histones at the promoter; this will change the 
accessibility of the DNA template to the polymerase.' 86 ^ 

As these DNA targets can occur throughout an organism's genome, 
changes in the activity of one type of transcription factor can affect 
thousands of genes. Consequently, these proteins are often the 
targets of the signal transduction processes that control responses to 
environmental changes or cellular differentiation and development. 
The specificity of these transcription factors' interactions with DNA 
come from the proteins making multiple contacts to the edges of the 




DNA bases, allowing them to "read" the DNA sequence. Most of these base-interactions are made in the major 
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groove, where the bases are most accessible. 



DNA-modifying enzymes 




Nucleases and ligases 

Nucleases are enzymes that cut DNA strands by 
catalyzing the hydrolysis of the phosphodiester bonds. 
Nucleases that hydrolyse nucleotides from the ends of 
DNA strands are called exonucleases, while 
endonucleases cut within strands. The most frequently 
used nucleases in molecular biology are the restriction 
endonucleases, which cut DNA at specific sequences. 
For instance, the EcoRV enzyme shown to the left 
recognizes the 6-base sequence 5'-GATIATC-3' and 



makes a cut at the vertical line. In nature, these 
enzymes protect bacteria against phage infection by 
digesting the phage DNA when it enters the bacterial cell, acting as part of the restriction modification system.' 90 ^ In 
technology, these sequence-specific nucleases are used in molecular cloning and DNA fingerprinting. 

Enzymes called DNA ligases can rejoin cut or broken DNA strands. Ligases are particularly important in lagging 
strand DNA replication, as they join together the short segments of DNA produced at the replication fork into a 
complete copy of the DNA template. They are also used in DNA repair and genetic recombination.' 91 ^ 



DNA 



199 



Topoisomerases and helicases 

Topoisomerases are enzymes with both nuclease and ligase activity. These proteins change the amount of 

supercoiling in DNA. Some of these enzymes work by cutting the DNA helix and allowing one section to rotate, 

T291 

thereby reducing its level of supercoiling; the enzyme then seals the DNA break. Other types of these enzymes 
are capable of cutting one DNA helix and then passing a second strand of DNA through this break, before rejoining 

the helix. [ ] Topoisomerases are required for many processes involving DNA, such as DNA replication and 

• [30] 
transcription. 

Helicases are proteins that are a type of molecular motor. They use the chemical energy in nucleoside triphosphates, 

predominantly ATP, to break hydrogen bonds between bases and unwind the DNA double helix into single 
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strands. These enzymes are essential for most processes where enzymes need to access the DNA bases. 
Polymerases 

Polymerases are enzymes that synthesize polynucleotide chains from nucleoside triphosphates. The sequence of their 
products are copies of existing polynucleotide chains - which are called templates. These enzymes function by 
adding nucleotides onto the 3' hydroxyl group of the previous nucleotide in a DNA strand. Consequently, all 
polymerases work in a 5' to 3' direction. [94] In the active site of these enzymes, the incoming nucleoside triphosphate 
base-pairs to the template: this allows polymerases to accurately synthesize the complementary strand of their 
template. Polymerases are classified according to the type of template that they use. 

In DNA replication, a DNA-dependent DNA polymerase makes a copy of a DNA sequence. Accuracy is vital in this 
process, so many of these polymerases have a proofreading activity. Here, the polymerase recognizes the occasional 
mistakes in the synthesis reaction by the lack of base pairing between the mismatched nucleotides. If a mismatch is 
detected, a 3' to 5' exonuclease activity is activated and the incorrect base removed. In most organisms DNA 
polymerases function in a large complex called the replisome that contains multiple accessory subunits, such as the 
DNA clamp or helicases. [96] 

RNA-dependent DNA polymerases are a specialized class of polymerases that copy the sequence of an RNA strand 
into DNA. They include reverse transcriptase, which is a viral enzyme involved in the infection of cells by 
retroviruses, and telomerase, which is required for the replication of telomeres.^ ^ ^ 97 ^ Telomerase is an unusual 
polymerase because it contains its own RNA template as part of its structure. 

Transcription is carried out by a DNA-dependent RNA polymerase that copies the sequence of a DNA strand into 
RNA. To begin transcribing a gene, the RNA polymerase binds to a sequence of DNA called a promoter and 
separates the DNA strands. It then copies the gene sequence into a messenger RNA transcript until it reaches a 
region of DNA called the terminator, where it halts and detaches from the DNA. As with human DNA-dependent 
DNA polymerases, RNA polymerase II, the enzyme that transcribes most of the genes in the human genome, 
operates as part of a large protein complex with multiple regulatory and accessory subunits. [9 ] 
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Genetic recombination 




Structure of the Holliday junction intermediate in genetic recombination. The four separate DNA strands are 

[99] 



coloured red, blue, green and yellow. 



M 



C2 



Recombination involves the breakage and rejoining of two 
chromosomes (M and F) to produce two re-arranged chromosomes 
(CI and C2). 



A DNA helix usually does not interact with other 
segments of DNA, and in human cells the different 
chromosomes even occupy separate areas in the 
nucleus called "chromosome territories".' 100 ^ This 
physical separation of different chromosomes is 
important for the ability of DNA to function as a stable 
repository for information, as one of the few times 
chromosomes interact is during chromosomal crossover 
when they recombine. Chromosomal crossover is when 
two DNA helices break, swap a section and then rejoin. 

Recombination allows chromosomes to exchange 
genetic information and produces new combinations of 
genes, which increases the efficiency of natural 
selection and can be important in the rapid evolution of 
new proteins.' 101 ^ Genetic recombination can also be involved in DNA repair, particularly in the cell's response to 
double-strand breaks.' 102 ^ 

The most common form of chromosomal crossover is homologous recombination, where the two chromosomes 
involved share very similar sequences. Non-homologous recombination can be damaging to cells, as it can produce 
chromosomal translocations and genetic abnormalities. The recombination reaction is catalyzed by enzymes known 
as recombinases, such as RAD51 J 103 -' The first step in recombination is a double-stranded break either caused by an 
endonuclease or damage to the DNA.' 104 ^ A series of steps catalyzed in part by the recombinase then leads to joining 
of the two helices by at least one Holliday junction, in which a segment of a single strand in each helix is annealed to 
the complementary strand in the other helix. The Holliday junction is a tetrahedral junction structure that can be 
moved along the pair of chromosomes, swapping one strand for another. The recombination reaction is then halted 
by cleavage of the junction and re-ligation of the released DNA.' ^ 
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Evolution 

DNA contains the genetic information that allows all modern living things to function, grow and reproduce. 
However, it is unclear how long in the 4-billion-year history of life DNA has performed this function, as it has been 
proposed that the earliest forms of life may have used RNA as their genetic material.' 94 ^ [106] RNA may have acted 
as the central part of early cell metabolism as it can both transmit genetic information and carry out catalysis as part 
of ribozymes.' 107 -' This ancient RNA world where nucleic acid would have been used for both catalysis and genetics 
may have influenced the evolution of the current genetic code based on four nucleotide bases. This would occur 
since the number of different bases in such an organism is a trade-off between a small number of bases increasing 
replication accuracy and a large number of bases increasing the catalytic efficiency of ribozymes. [108] 

Unfortunately, there is no direct evidence of ancient genetic systems, as recovery of DNA from most fossils is 
impossible. This is because DNA will survive in the environment for less than one million years and slowly degrades 
into short fragments in solution.' 109 ^ Claims for older DNA have been made, most notably a report of the isolation of 
a viable bacterium from a salt crystal 250 million years old,' 110] but these claims are controversial. [1U] [U2] 



Uses in technology 
Genetic engineering 

Methods have been developed to purify DNA from organisms, such as phenol-chloroform extraction and manipulate 
it in the laboratory, such as restriction digests and the polymerase chain reaction. Modern biology and biochemistry 
make intensive use of these techniques in recombinant DNA technology. Recombinant DNA is a man-made DNA 
sequence that has been assembled from other DNA sequences. They can be transformed into organisms in the form 
of plasmids or in the appropriate format, by using a viral vector/ ^ The genetically modified organisms produced 
can be used to produce products such as recombinant proteins, used in medical research,' 114 -' or be grown in 
agriculture.'- 115 -' ' 116 -' 



Forensics 

Forensic scientists can use DNA in blood, semen, skin, saliva or hair found at a crime scene to identify a matching 
DNA of an individual, such as a perpetrator. This process is called genetic fingerprinting, or more accurately, DNA 
profiling. In DNA profiling, the lengths of variable sections of repetitive DNA, such as short tandem repeats and 
minisatellites, are compared between people. This method is usually an extremely reliable technique for identifying a 
matching DNA.' 117 -' However, identification can be complicated if the scene is contaminated with DNA from several 
people.' 1 18] DNA profiling was developed in 1984 by British geneticist Sir Alec Jeffreys,' 1 19] and first used in 
forensic science to convict Colin Pitchfork in the 1988 Enderby murders case.' 120] 

People convicted of certain types of crimes may be required to provide a sample of DNA for a database. This has 
helped investigators solve old cases where only a DNA sample was obtained from the scene. DNA profiling can also 
be used to identify victims of mass casualty incidents.' 121 ^ On the other hand, many convicted people have been 
released from prison on the basis of DNA techniques, which were not available when a crime had originally been 
committed. 



Bioinformatics 

Bioinformatics involves the manipulation, searching, and data mining of DNA sequence data. The development of 

techniques to store and search DNA sequences have led to widely applied advances in computer science, especially 

n 221 

string searching algorithms, machine learning and database theory. String searching or matching algorithms, 
which find an occurrence of a sequence of letters inside a larger sequence of letters, were developed to search for 

r 1 231 

specific sequences of nucleotides. In other applications such as text editors, even simple algorithms for this 
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problem usually suffice, but DNA sequences cause these algorithms to exhibit near-worst-case behaviour due to their 
small number of distinct characters. The related problem of sequence alignment aims to identify homologous 
sequences and locate the specific mutations that make them distinct. These techniques, especially multiple sequence 
alignment, are used in studying phylogenetic relationships and protein function.' 124 ^ Data sets representing entire 
genomes' worth of DNA sequences, such as those produced by the Human Genome Project, are difficult to use 
without annotations, which label the locations of genes and regulatory elements on each chromosome. Regions of 
DNA sequence that have the characteristic patterns associated with protein- or RNA-coding genes can be identified 
by gene finding algorithms, which allow researchers to predict the presence of particular gene products in an 
organism even before they have been isolated experimentally.' 125 ^ 



DNA nanotechnology 



DNA 

[127] 



DNA nanotechnology uses the unique 

molecular recognition properties of 

DNA and other nucleic acids to create 

self-assembling branched 

complexes with useful properties. 1 

DNA is thus used as a structural 

material rather than as a carrier of 

biological information. This has led to 

the creation of two-dimensional 

periodic lattices (both tile-based as 

well as using the "DNA origami" 

method) as well as three-dimensional 

structures in the shapes of 

polyhedra.' 128 ^ Nanomechanical 

devices and algorithmic self-assembly 
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have also been demonstrated, and 
these DNA structures have been used to 




The DNA structure at left (schematic shown) will self-assemble into the structure 
visualized by atomic force microscopy at right. DNA nanotechnology is the field which 
seeks to design nanoscale structures using the molecular recognition properties of DNA 
molecules. Image from Strong, 2004. [126] 



template the arrangement of other molecules such as gold nanoparticles and 



streptavidin proteins 



[130] 



History and anthropology 

Because DNA collects mutations over time, which are then inherited, it contains historical information and by 
comparing DNA sequences, geneticists can infer the evolutionary history of organisms, their phylogeny.' 131 ^ This 
field of phylogenetics is a powerful tool in evolutionary biology. If DNA sequences within a species are compared, 
population geneticists can learn the history of particular populations. This can be used in studies ranging from 
ecological genetics to anthropology; for example, DNA evidence is being used to try to identify the Ten Lost Tribes 
ofIsrael. [132][133] 

DNA has also been used to look at modern family relationships, such as establishing family relationships between 
the descendants of Sally Hemings and Thomas Jefferson. This usage is closely related to the use of DNA in criminal 
investigations detailed above. Indeed, some criminal investigations have been solved when DNA from crime scenes 
has matched relatives of the guilty individual.' 134 ^ 
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History of DNA research 

DNA was first isolated by the Swiss physician Friedrich Miescher who, in 1869, discovered a microscopic substance 
in the pus of discarded surgical bandages. As it resided in the nuclei of cells, he called it "nuclein". [135] In 1919, 
Phoebus Levene identified the base, sugar and phosphate nucleotide unit. [136] Levene suggested that DNA consisted 
of a string of nucleotide units linked together through the phosphate groups. However, Levene thought the chain was 
short and the bases repeated in a fixed order. In 1937 William Astbury produced the first X-ray diffraction patterns 
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that showed that DNA had a regular structure. 

In 1928, Frederick Griffith discovered that traits of the "smooth" form of the Pneumococcus could be transferred to 

M TOT 

the "rough" form of the same bacteria by mixing killed "smooth" bacteria with the live "rough" form. This 
system provided the first clear suggestion that DNA carried genetic information — the Avery-MacLeod-McCarty 

experiment — when Oswald Avery, along with coworkers Colin MacLeod and Maclyn McCarty, identified DNA as 
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the transforming principle in 1943. DNA's role in heredity was confirmed in 1952, when Alfred Hershey and 
Martha Chase in the Hershey-Chase experiment showed that DNA is the genetic material of the T2 phage. [140] 




Francis Crick 
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Rosalind Franklin 




In 1953 James D. Watson and Francis Crick suggested what is now accepted as the first correct double-helix model 
of DNA structure in the journal Nature.^ Their double-helix, molecular model of DNA was then based on a single 
X-ray diffraction image (labeled as "Photo 51"/ 141 ^ taken by Rosalind Franklin and Raymond Gosling in May 1952, 
as well as the information that the DNA bases were paired — also obtained through private communications from 
Erwin Chargaff in the previous years. Chargaffs rules played a very important role in establishing double-helix 
configurations for B-DNA as well as A-DNA. 

Experimental evidence supporting the Watson and Crick model were published in a series of five articles in the same 

issue of Nature} 14 ^ Of these, Franklin and Gosling's paper was the first publication of their own X-ray diffraction 

[33] ri43] 

data and original analysis method that partially supported the Watson and Crick model ; this issue also 

contained an article on DNA structure by Maurice Wilkins and two of his colleagues, whose analysis and in vivo 
B-DNA X-ray patterns also supported the presence in vivo of the double-helical DNA configurations as proposed by 
Crick and Watson for their double-helix molecular model of DNA in the previous two pages of NatureP 4 ^ In 1962, 
after Franklin's death, Watson, Crick, and Wilkins jointly received the Nobel Prize in Physiology or Medicine.' 144 ^ 
Unfortunately, Nobel rules of the time allowed only living recipients, but a vigorous debate continues on who should 



receive credit for the discovery 



[145] 
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In an influential presentation in 1957, Crick laid out the "Central Dogma" of molecular biology, which foretold the 
relationship between DNA, RNA, and proteins, and articulated the "adaptor hypothesis". [146] Final confirmation of 
the replication mechanism that was implied by the double-helical structure followed in 1958 through the 
Meselson-Stahl experiment/ 147 ' Further work by Crick and coworkers showed that the genetic code was based on 
non-overlapping triplets of bases, called codons, allowing Har Gobind Khorana, Robert W. Holley and Marshall 
Warren Nirenberg to decipher the genetic code J 148 -' These findings represent the birth of molecular biology. 
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• DNA sequencing 

• Genetic disorder 

• Junk DNA 

• Molecular models of DNA 
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• Triple-stranded DNA 
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External links 

DNA [150] at the Open Directory Project 
DNA binding site prediction on protein ^ 151 ^ 
DNA coiling to form chromosomes '- 152 -' 

DNA from the Beginning ^ Another DNA Learning Center site on DNA, genes, and heredity from Mendel to 
the human genome project. 

DNA Lab, demonstrates how to extract DNA from wheat using readily available equipment and supplies. [154] 
DNA the Double Helix Game '- 155 -' From the official Nobel Prize web site 
DNA under electron microscope ^ 156 ^ 
Dolan DNA Learning Center '- 157 -' 
Double Helix: 50 years of DNA [158] , Nature 

Double Helix 1953-2003 [159] National Centre for Biotechnology Education 
Francis Crick and James Watson talking on the BBC in 1962, 1972, and 1974 [85] 
Genetic Education Modules for Teachers [160] — DNA from the Beginning Study Guide 
Guide to DNA cloning [161] 

Olby R (January 2003). "Quiet debut for the double helix" [87] . Nature 421 (6921): 402-5. 
doi:10.1038/nature01397 [162] . PMID 12540907 [163] . 
PDB Molecule of the Month pdb23_l [164] 
Rosalind Franklin's contributions to the study of DNA [165] 

The Register of Francis Crick Personal Papers 1938 - 2007 [74] at Mandeville Special Collections Library, Geisel 
Library, University of California, San Diego 

U.S. National DNA Day '- 166 -' — watch videos and participate in real-time chat with top scientists 
"Clue to chemistry of heredity found" ^ l44 \ The New York Times. Saturday, June 13, 1953. The first American 
newspaper coverage of the discovery of the DNA structure. 

An Introduction to DNA and Chromosomes [167] from HOPES: Huntington's Disease Outreach Project for 
Education at Stanford 
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Chargaff s rules 

Chargaff's rules state that DNA from any cell of all organisms should have a 1 : 1 ratio of pyrimidine and purine 
bases and, more specifically, that the amount of guanine is equal to cytosine and the amount of adenine is equal to 
thymine. This pattern is found in both strands of the DNA. They were discovered by Austrian chemist Erwin 
Chargaff. [1][2][3][4][5][6] 

Chargaff Parity Rule 1 

The first rule holds that a double-stranded DNA molecule globally has percentage base pair equality: %A = %T and 
%G = %C. [6] The rigorous validation of the rule constitutes the basis of Watson-Crick pairs in the DNA double 
helix. 

Chargaff Parity Rule 2 

The second rule holds that both %A ~ %T and %G ~ %C are valid for each of the two DNA strands. This 
describes only a global feature of the base composition in a single DNA strand. [8] 

Research 

The second of Chargaff s rules (or "Chargaff s second parity rule") is that the composition of DNA varies from one 
species to another; in particular in the relative amounts of A, G, T, and C bases. Such evidence of molecular 
diversity, which had been presumed absent from DNA, made DNA a more credible candidate for the genetic 
material than protein. 

In 2006 it was shown that this rule applies to four of the five types of double stranded genomes; specifically it 
applies to the eukaryotic chromosomes, the bacterial chromosomes, the double stranded DNA viral genomes, and the 
archeal chromosomes. It does not apply to the organellar genomes (mitochondria and plastids) nor does it apply to 
the single stranded DNA (viral) genomes or any type of RNA genome. The basis for this rule is still under 
investigation. 

The rule itself has consequences. In most bacterial genomes (which are generally 80-90% coding) genes are arranged 
in such a fashion that approximately 50% of the coding sequence lies on either strand. Waclaw Szybalski, in the 
1960s, showed that in bacteriophage coding sequences purines (A and G) exceed pyrimidines (C and T). [10] This rule 
has since been confirmed in other organisms and should probably be now termed "Szybalski's rule". While 
Szybalski's rule generally holds, exceptions are known to exist. ^ ^ The biological basis for Szybalski's rule, 
like Chargaff s, is not yet known. 

The combined effect of Chargaff s second rule and Szybalski's rule can be seen in bacterial genomes where the 
coding sequences are not equally distributed. The genetic code has 64 codons of which 3 function as termination 
codons: there are only 20 amino acids normally present in proteins. (There are two uncommon amino acids - 
selenocysteine and pyrrolysine - found in a limited number of proteins and encoded by the 'stop' codons - TGA and 
TAG respectively.) The mismatch between the number of codons and amino acids allows several codons to code for 
a single amino acid. These codons normally differ in the third codon base position. 

Multivariate statistical analysis of codon use within genomes with unequal quantities of coding sequences on the two 
strands has shown that codon use in the third position depends on the strand on which the gene is located. This seems 
likely to be the result of Szybalski's and Chargaff s rules. Because of the asymmetry in pyrimidine and purine use in 
coding sequences, the strand with the greater coding content will tend to have the greater number of purine bases 
(Szybalski's rule). Because the number of purine bases will to a very good approximation equal the number of their 
complementary pyrimidines within the same strand and because the coding sequences occupy 80-90% of the strand, 
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there appears to be (1) a selective pressure on the third base to minimize the number of purine bases in the strand 
with the greater coding content and (2) that this pressure is proportional to the mismatch in the length of the coding 
sequences between the two strands. 

The origin of the deviation from Chargaff s rule in the organelles has been suggested to be a consequence of the 
mechanism of replication. [14] During replication the DNA strands separate. In single stranded DNA, cytosine 
spontaneously slowly deaminates to adenosine (a C to A trans version). The longer the strands are separated the 
greater the quantity of deamination. For reasons that are not yet clear the strands tend to exist longer in single form 
in mitochondria than in chromsomal DNA. This process tends to yield one strand that is enriched in guanine (G) and 
thymine (T) with its complement enriched in cytosine (C) and adenosine (A) and this process may have given rise to 
the deviations found in the mitochondria. 

Chargaff s second rule appears to be the consequence of a more complex parity rule: within a single strand of DNA 
any oligonucleotide is present in equal numbers to its reverse complementary nucleotide. Because of the 
computational requirements this has not been verified in all genomes for all oligonucleotides. It has been verified for 
triplet oligonucleotides for a large data set.'- 15 -' Albrecht-Buehler has suggested that this rule is the consequence of 
genomes evolving by a process of inversion and transposition. This process does not appear to have acted on the 
mitochondrial genomes. 

Relative proportions (%) of bases in DNA 

The following table is a representative sample of Erwin Chargaff s 1952 data, listing the base composition of DNA 
from various organisms a support both of Chargaff s rules.' 16 - 1 



Organism 


%A 


%G 


%C 


%T 


A/T 


G/C 


%GC 


cpX174 


24.0 


23.3 


21.5 


31.2 


0.77 


1.08 


44.8 


Maize 


26.8 


22.8 


23.2 


27.2 


0.99 


0.98 


46.1 


Octopus 


33.2 


17.6 


17.6 


31.6 


1.05 


1.00 


35.2 


Chicken 


28.0 


22.0 


21.6 


28.4 


0.99 


1.02 


43.7 


Rat 


28.6 


21.4 


20.5 


28.4 


1.01 


1.00 


42.9 


Human 


29.3 


20.7 


20.0 


30.0 


0.98 


1.04 


40.7 


Grasshopper 


29.3 


20.5 


20.7 


29.3 








Sea Urchin 


32.8 


17.7 


17.3 


32.1 








Wheat 


27.3 


22.7 


22.8 


27.1 








Yeast 


31.3 


18.7 


17.1 


32.9 








E. Coli 


24.7 


26.0 


25.7 


23.6 
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See also 

N 71 n 81 

• CBS Genome Atlas Database — contains hundreds of examples of base skews. 

• The Z curve database of genomes [19] — a 3-dimensional visualization and analysis tool of genomes. 



Further reading 

• Szybalski W, Kubinski H, Sheldrick P (1966). "Pyrimidine clusters on the transcribing strands of DNA and their 
possible role in the initiation of RNA synthesis". Cold Spring Harbor NY Sytnp. Quant Biol 31: 123-127. 

• Lobry JR (1996). "Asymmetric substitution patterns in the two DNA strands of bacteria". Mol. Biol. Evol. 13: 
660-665. 

• Lafay B, Lloyd AT, McLean MJ, Devine KM, Sharp PM, Wolfe KH (1999). "Proteome composition and codon 
usage in spirochaetes: species-specific and DNA strand-specific mutational biases". Nucleic Acids Res 27: 
1642-1649. 

• McLean MJ, Wolfe KH, Devine KM (1998). "Base composition skews, replication orientation, and gene 
orientation in 12 prokaryote genomes". J Mol Evol 47 (6): 691-696. PMID 9847411 [20] . 

• Mclnerney JO (1998). "Replicational and transcriptional selection on codon usage in Borrelia burgdorferi". Proc 
Natl Acad Sci USA 95: 10698-10703. 
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Double helix 



In geometry a double helix (plural helices) typically consists of 
two congruent helices with the same axis, differing by a translation 
along the axis, which may or may not be half-way. ' ^ 

The term "double helix" is commonly encountered in molecular 
biology, where it refers to the structure of DNA. The double-helix 
model of DNA structure was first published in the journal Nature 
by James D. Watson and Francis Crick in 1953 , based upon the 

crucial X-ray diffraction image of DNA (labeled as "Photo 51") 

[31 

from Rosalind Franklin in 1952 , followed by her more clarified 



DNA image with Raymond Gosling 



[4] [5] 



Maurice Wilkins, 



Alexander Stokes and Herbert Wilson^ , as well as base-pairing 
chemical and biochemical information by Erwin Charga 

am [8] [9] 

[10] [11] [12] 

Crick, Wilkins and Watson each received one third of the 1962 

Nobel Prize in Physiology or Medicine for their contributions to 

[131 

the discovery . (Franklin, whose breakthrough X-ray diffraction 
data was used to formulate the DNA structure, died in 1958, and 
thus was ineligible to be nominated for a Nobel Prize.) 

The DNA double helix is a right-handed spiral polymer of nucleic 

[141 

acids, held together by nucleotides which base pair together . A 

[141 

single turn of the helix constitutes ten nucleotides . The double 

helix structure of DNA contains a major groove and minor groove, 

[141 

the major groove being wider than the minor groove . Given 
the difference in widths of the major groove and minor groove, 
many proteins which bind to DNA do so through the wider major 

[15] 

groove 

The order, or sequence, of the nucleotides in the double helix 
within a gene specifies the primary structure of a protein. 

The term entered popular culture with the publication in 1968 of 
The Double Helix: A Personal Account of the Discovery of the 
Structure of DNA, by James Watson. 



See also 

• Molecular structure of Nucleic Acids 




A staircase in the shape of a double helix, in the 
Vatican Museum 




Image of a DNA chain which shows the double 
helix replicating itself 
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The structure of DNA shows a variety of forms, both double-stranded and single-stranded. The mechanical 
properties of DNA, which are directly related to its structure, are a significant problem for cells. Every process which 
binds or reads DNA is able to use or modify the mechanical properties of DNA for purposes of recognition, 
packaging and modification. The extreme length (a chromosome may contain a 10 cm long DNA strand), relative 
rigidity and helical structure of DNA has led to the evolution of histones and of enzymes such as topoisomerases and 
helicases to manage a cell's DNA. The properties of DNA are closely related to its molecular structure and sequence, 
particularly the weakness of the hydrogen bonds and electronic interactions that hold strands of DNA together 
compared to the strength of the bonds within each strand. 

Experimental techniques which can directly measure the mechanical properties of DNA are relatively new, and 
high-resolution visualization in solution is often difficult. Nevertheless, scientists have uncovered large amount of 
data on the mechanical properties of this polymer, and the implications of DNA's mechanical properties on cellular 
processes is a topic of active current research. 

The DNA found in many cells can be macroscopic in length - a few centimetres long for each human chromosome. 
Consequently, cells must compact or "package" DNA to carry it within them. In eukaryotes this is carried by 
spool-like proteins known as histones, around which DNA winds. It is the further compaction of this DNA-protein 
complex which produces the well known mitotic eukaryotic chromosomes. 

Structure determination 

DNA structures can be determined using either nuclear magnetic resonance spectroscopy or X-ray crystallography. 
The first published reports of A-DNA X-ray diffraction patterns- and also B-DNA — employed analyses based on 
Patterson transforms that provided only a limited amount of structural information for oriented fibers of DNA 
isolated from calf thymus. ' ' An alternate analysis was then proposed by Wilkins et al. in 1953 for B-DNA X-ray 
diffraction/scattering patterns of hydrated, bacterial oriented DNA fibers and trout sperm heads in terms of squares 
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of Bessel functions. Although the B-DNA form' is most common under the conditions found in cells, it is not a 
well-defined conformation but a family or fuzzy set of DNA-conformations that occur at the high hydration levels 
present in a wide variety of living cells. [5] Their corresponding X-ray diffraction & scattering patterns are 
characteristic of molecular paracrystals with a significant degree of disorder (>20%) [6] [7] , and concomitantly the 
structure is not tractable using only the standard analysis. 

rsi 

On the other hand, the standard analysis, involving only Fourier transforms of Bessel functions and DNA 

rm 

molecular models, is still routinely employed for the analysis of A-DNA and Z-DNA X-ray diffraction patterns. 



Base pair geometry 

The geometry of a base, or base pair step can be characterized by 6 coordinates: Shift, Slide, Rise, Tilt, Roll, and 
Twist. These values precisely define the location and orientation in space of every base or base pair in a DNA 
molecule relative to its predecessor along the axis of the helix. Together, they characterize the helical structure of the 
molecule. In regions of DNA where the "normal" structure is disrupted the change in these values can be used to 
describe such disruption. 

For each base pair, considered relative to its predecessor' 1 ' ' ' ^ ^ : 

• Shear 

• Stretch 

• Stagger 

• Buckle 

• Propeller twist: Rotation of one base with respect to the other in the same base pair. 

• Opening 

• Shift: displacement along an axis in the base-pair plane perpendicular to the first, directed from the minor to the 
major groove. 

• Slide: displacement along an axis in the plane of the base pair directed from one strand to the other. 

• Rise: displacement along the helix axis. 

• Tilt: rotation around this axis. 

• Roll: rotation around this axis. 

• Twist: rotation around the helix axis. 

• x-displacement 

• y-displacement 

• inclination 

• tip 

• pitch: the number of base pairs per complete turn of the helix 

Rise and twist determine the handedness and pitch of the helix. The other coordinates, by contrast, can be zero. Slide 
and shift are typically small in B-DNA, but are substantial in A- and Z-DNA. Roll and tilt make successive base 
pairs less parallel, and are typically small. A diagram [13] of these coordinates can be found in 3DNA [14] website. 

Note that "tilt" has often been used differently in the scientific literature, referring to the deviation of the first, 
inter-strand base-pair axis from perpendicularity to the helix axis. This corresponds to slide between a succession of 
base pairs, and in helix-based coordinates is properly termed "inclination". 
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DNA helix geometries 

Three DNA conformations are believed to be found in nature, A-DNA, B-DNA, and Z-DNA. The "B" form 
described by James D. Watson and Francis Crick is believed to predominate in cells' 15 ^ . It is 23.7 A wide and 
extends 34 A per 10 bp of sequence. The double helix makes one complete turn about its axis every 10.4-10.5 base 
pairs in solution. This frequency of twist (known as the helical pitch) depends largely on stacking forces that each 
base exerts on its neighbours in the chain. The magnitude of the twist of B-DNA has been found to conincide with 
the magnitude of the intrinsic angular momentum of photons' 16 ^ . 

Other conformations are possible; A-DNA, B-DNA, C-DNA, D-DNA [17] , E-DNA [18] , L-DNA(enantiomeric form 

of D-DNA) [17] , P-DNA [19] , S-DNA, Z-DNA, etc. have been described so far. [20] In fact, only the letters F, Q, U, V, 

r211 T221 

and Y are now available to describe any new DNA structure that may appear in the future. However, most of 

these forms have been created synthetically and have not been observed in naturally occurring biological systems. 
Also note the triple-stranded DNA possibility. 

A- and Z-DNA 

A-DNA and Z-DNA differ significantly in their geometry and dimensions to B-DNA, although still form helical 
structures. The A form appears likely to occur only in dehydrated samples of DNA, such as those used in 
crystallographic experiments, and possibly in hybrid pairings of DNA and RNA strands. Segments of DNA that cells 
have methylated for regulatory purposes may adopt the Z geometry, in which the strands turn about the helical axis 
the opposite way to A-DNA and B-DNA. There is also evidence of protein-DNA complexes forming Z-DNA 
structures. 





The structures of A-, B-, and Z-DNA. 




Structural features of the three major forms of DNA 



Geometry attribute 


A-DNA 


B-DNA 


Z-DNA 


Helix sense 


right-handed 


right-handed 


left-handed 


Repeating unit 


1 bp 


1 bp 


2 bp 


Rotation/bp 


33.6° 


35.9° 


6072bp 


Mean bp/turn 


10.7 


10.0 


12 


Inclination of bp to 
axis 


+19° 


-1.2° 


-9° 


Rise/bp along axis 


2.3 A 


3.32 A 


3.8 A 


Pitch/turn of helix 


24.6 A 


33.2 A 


45.6 A 


Mean propeller twist 


+18° 


+16° 


0° 
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Glycosyl angle 


anti 


anti 


C: anti, 
G: syn 


Sugar pucker 


C3'-endo 


C2'-endo 


C: 

C2'-endo, 
G: C2'-exo 


Diameter 


25.5 A 


23.7 A 


18.4 A 



Supercoiled DNA 

The B form of the DNA helix twists 360° per 10.4-10.5 bp in the absence of torsional strain. But many molecular 
biological processes can induce torsional strain. A DNA segment with excess or insufficient helical twisting is 
referred to, respectively, as positively or negatively "supercoiled". DNA in vivo is typically negatively supercoiled, 
which facilitates the unwinding (melting) of the double-helix required for RNA transcription. 

Non-helical forms 

Other non-double helical forms of DNA have been described, for example side-by-side (SBS) and triple helical 
configurations. Single stranded DNA may exist in statu nascendi or as thermally induced despiralized DNA. 

DNA bending 

DNA is a relatively rigid polymer, typically modelled as a worm-like chain. It has three significant degrees of 
freedom; bending, twisting and compression, each of which cause particular limitations on what is possible with 
DNA within a cell. Twisting/torsional stiffness is important for the circularisation of DNA and the orientation of 
DNA bound proteins relative to each other and bending/axial stiffness is important for DNA wrapping and 
circularisation and protein interactions. Compression/extension is relatively unimportant in the absence of high 
tension. 

Persistence length/Axial stiffness 

Example sequences and their persistence lengths (B DNA) 



Sequence 


Persistence 

Length 
/base pairs 


Random 


154±10 


(CA) 

repeat 


133±10 


(CAG) 

repeat 


124±10 


(TATA) 

repeat 


137±10 



DNA in solution does not take a rigid structure but is continually changing conformation due to thermal vibration 
and collisions with water molecules, which makes classical measures of rigidity impossible. Hence, the bending 
stiffness of DNA is measured by the persistence length, defined as: 

"The length of DNA over which the time-averaged orientation of the polymer becomes uncorrected by a 
factor of e." 

This value may be directly measured using an atomic force microscope to directly image DNA molecules of various 
lengths. In aqueous solution the average persistence length is 46-50 nm or 140-150 base pairs (the diameter of DNA 
is 2 nm), although can vary significantly. This makes DNA a moderately stiff molecule. 
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The persistence length of a section of DNA is somewhat dependent on its sequence, and this can cause significant 
variation. The variation is largely due to base stacking energies and the residues which extend into the minor and 
major grooves. 

Models for DNA bending 

Stacking stability of base steps (B DNA) 



Step 


Stacking 

AG 
/kcal mol" 1 


T A 


-0.19 


T G or C A 


-0.55 


CG 


-0.91 


A G or C T 


-1.06 


A A or T T 


-1.11 


AT 


-1.34 


G A or T C 


-1.43 


CCorG 
G 


-1.44 


A C or G T 


-1.81 


GC 


-2.17 



The entropic flexibility of DNA is remarkably consistent with standard polymer physics models such as the 
Kratky-Porod worm-like chain model. Consistent with the worm-like chain model is the observation that bending 
DNA is also described by Hooke's law at very small (sub-piconewton) forces. However for DNA segments less than 
the persistence length, the bending force is approximately constant and behaviour deviates from the worm-like chain 
predictions. 

This effect results in unusual ease in circularising small DNA molecules and a higher probability of finding highly 
bent sections of DNA. 

Bending preference 

DNA molecules often have a preferred direction to bend, ie. anisotropic bending. This is, again, due to the properties 
of the bases which make up the DNA sequence - a random sequence will have no preferred bend direction, i.e. 
isotropic bending. 

Preferred DNA bend direction is determined by the stability of stacking each base on top of the next. If unstable base 
stacking steps are always found on one side of the DNA helix then the DNA will preferentially bend away from that 
direction. As bend angle increases then steric hindrances and ability to roll the residues relative to each other also 
play a role, especially in the minor groove. A and T residues will be preferentially be found in the minor grooves on 
the inside of bends. This effect is particularly seen in DNA-protein binding where tight DNA bending is induced, 
such as in nucleosome particles. See base step distortions above. 

DNA molecules with exceptional bending preference can become intrinsically bent. This was first observed in 
trypanosomatid kinetoplast DNA. Typical sequences which cause this contain stretches of 4-6 T and A residues 
separated by G and C rich sections which keep the A and T residues in phase with the minor groove on one side of 
the molecule. For example: 
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GATTCCCAAAAATGTCAAAAAATAGGCAAAAAATGC 
C .A A. A. A. A. A. T C C C A. A. A. C 

The intrinsically bent structure is induced by the 'propeller twist' of base pairs relative to each other allowing unusual 
bifurcated Hydrogen-bonds between base steps. At higher temperatures this structure, and so the intrinsic bend, is 
lost. 

All DNA which bends anisotropically has, on average, a longer persistence length and greater axial stiffness. This 
increased rigidity is required to prevent random bending which would make the molecule act isotropically. 

DNA circularization 

DNA circularization depends on both the axial (bending) stiffness and torsional (rotational) stiffness of the molecule. 
For a DNA molecule to successfully circularize it must be long enough to easily bend into the full circle and must 
have the correct number of bases so the ends are in the correct rotation to allow bonding to occur. The optimum 
length for circularization of DNA is around 400 base pairs (136 nm), with an integral number of turns of the DNA 
helix, i.e. multiples of 10.4 base pairs. Having a non integral number of turns presents a significant energy barrier for 
circularization, for example a 10.4 x 30 = 312 base pair molecule will circularize hundreds of times faster than 10.4 x 
30.5 ~ 317 base pair molecule. 

DNA stretching 

Longer stretches of DNA are entropically elastic under tension. When DNA is in solution, it undergoes continuous 
structural variations due to the energy available in the solvent. This is due to the thermal vibration of the molecule 
combined with continual collisions with water molecules. For entropic reasons, more compact relaxed states are 
thermally accessible than stretched out states, and so DNA molecules are almost universally found in a tangled 
relaxed layouts. For this reason, a single molecule of DNA will stretch under a force, straightening it out. Using 
optical tweezers, the entropic stretching behavior of DNA has been studied and analyzed from a polymer physics 
perspective, and it has been found that DNA behaves largely like the Kratky-Porod worm-like chain model under 
physiologically accessible energy scales. 

Under sufficient tension and positive torque, DNA is thought to undergo a phase transition with the bases splaying 

outwards and the phosphates moving to the middle. This proposed structure for overstretched DNA has been called 

ri9i 

"P-form DNA," in honor of Linus Pauling who originally presented it as a possible structure of DNA 

The mechanical properties DNA under compression have not been characterized due to experimental difficulties in 
preventing the polymer from bending under the compressive force. 



DNA melting 
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Melting stability of base steps (B DNA) 



Step 


Melting 
AG 
/Kcal mol" 1 


T A 


-0.12 


T G or C A 


-0.78 


C G 


-1.44 


A G or C T 


-1.29 


A A or T T 


-1.04 


AT 


-1.27 


G A or T C 


-1.66 


CCorG 
G 


-1.97 


A C or G T 


-2.04 


GC 


-2.70 



DNA melting is the process by which the interactions between the strands of the double helix are broken, separating 
the two strands of DNA. These bonds are weak, easily separated by gentle heating, enzymes, or physical force. DNA 
melting preferentially occurs at certain points in the DNA. T and A rich sequences are more easily melted than C 
and G rich regions. Particular base steps are also susceptible to DNA melting, particularly T A and T G base 
steps. These mechanical features are reflected by the use of sequences such as TATAA at the start of many genes 
to assist RNA polymerase in melting the DNA for transcription. 

Strand separation by gentle heating, as used in PCR, is simple providing the molecules have fewer than about 10,000 
base pairs (10 kilobase pairs, or 10 kbp). The intertwining of the DNA strands makes long segments difficult to 
separate. The cell avoids this problem by allowing its DNA-melting enzymes (helicases) to work concurrently with 
topoisomerases, which can chemically cleave the phosphate backbone of one of the strands so that it can swivel 
around the other. Helicases unwind the strands to facilitate the advance of sequence-reading enzymes such as DNA 
polymerase. 



DNA structure 



225 



DNA topology 

Within the cell most DNA is topologically restricted. DNA is typically 
found in closed loops (such as plasmids in prokaryotes) which are 
topologically closed, or as very long molecules whose diffusion 
coefficients produce effectively topologically closed domains. Linear 
sections of DNA are also commonly bound to proteins or physical 
structures (such as membranes) to form closed topological loops. 

Francis Crick was one of the first to propose the importance of linking 
numbers when considering DNA supercoils. In a paper published in 
1976, Crick outlined the problem as follows: 

In considering supercoils formed by closed 
double-stranded molecules of DNA certain mathematical 
concepts, such as the linking number and the twist, are 
needed. The meaning of these for a closed ribbon is 
explained and also that of the writhing number of a closed 
curve. Some simple examples are given, some of which 
may be relevant to the structure of chromatin. 

Analysis of DNA topology uses three values: 

L = linking number - the number of times one DNA strand wraps 
around the other. It is an integer for a closed loop and constant 
for a closed topological domain. 

T = twist - total number of turns in the double stranded DNA helix. This will normally try to be equal to the 
number turns a DNA molecule will make while free in solution, ie. number of bases/10.4. 

W = writhe - number of turns of the double stranded DNA helix around the superhelical axis 

L=T+W and AL = AT + AW 

Any change of T in a closed topological domain must be balanced by a change in W, and vice versa. This results in 
higher order structure of DNA. A circular DNA molecule with a writhe of 0 will be circular. If the twist of this 
molecule is subsequently increased or decreased by supercoiling then the writhe will be appropriately altered, 
making the molecule undergo plectonemic or toroidal superhelical coiling. 

When the ends of a piece of double stranded helical DNA are joined so that it forms a circle the strands are 
topologically knotted. This means the single strands cannot be separated any process that does not involve breaking a 
strand (such as heating). The task of un-knotting topologically linked strands of DNA falls to enzymes known as 
topoisomerases. These enzymes are dedicated to un-knotting circular DNA by cleaving one or both strands so that 
another double or single stranded segment can pass through. This un-knotting is required for the replication of 
circular DNA and various types of recombination in linear DNA which have similar topological constraints. 
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Supercoiled structure of circular DNA molecules 
with low writhe. Note that the helical nature of 
the DNA duplex is omitted for clarity. 



DNA structure 



226 



The linking number paradox 

For many years, the origin of residual supercoiling in eukaryotic genomes remained unclear. This topological puzzle 
was referred to by some as the "linking number paradox". [26] However, when experimentally determined structures 
of the nucleosome displayed an overtwisted left-handed wrap of DNA around the histone octamer [27] [28] , this 
"paradox" was solved. 

See also 

• DNA nanotechnology 

• Molecular models of DNA 

External links 

• MDDNA: Structural Bioinformatics of DNA [29] 

• Abalone ^ 3( ^ — Commercial software for DNA modeling 

[311 

• DNAlive: a web interface to compute DNA physical properties . Also allows cross-linking of the results with 

the UCSC Genome browser and DNA dynamics. 

T321 

• DiProDB: Dinucleotide Property Database . The database is designed to collect and analyse thermodynamic, 
structural and other dinucleotide properties. 
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Chromosome 



A chromosome is an organized structure of DNA and protein that is found in cells. It is a single piece of coiled 
DNA containing many genes, regulatory elements and other nucleotide sequences. Chromosomes also contain 
DNA-bound proteins, which serve to package the DNA and control its functions. The word chromosome comes from 
the Greek xp<3u« {chroma, color) and arou« {soma, body) due to their property of being very strongly stained by 
particular dyes. 

Chromosomes vary widely between different 
organisms. The DNA molecule may be circular or 
linear, and can be composed of 10,000 to 
1,000,000,000 [1] nucleotides in a long chain. Typically 
eukaryotic cells (cells with nuclei) have large linear 
chromosomes and prokaryotic cells (cells without 
defined nuclei) have smaller circular chromosomes, 
although there are many exceptions to this rule. 
Furthermore, cells may contain more than one type of 
chromosome; for example, mitochondria in most 
eukaryotes and chloroplasts in plants have their own 
small chromosomes. 

In eukaryotes, nuclear chromosomes are packaged by 
proteins into a condensed structure called chromatin. 
This allows the very long DNA molecules to fit into the 
cell nucleus. The structure of chromosomes and 
chromatin varies through the cell cycle. Chromosomes 
are the essential unit for cellular division and must be 
replicated, divided, and passed successfully to their 
daughter cells so as to ensure the genetic diversity and 
survival of their progeny. Chromosomes may exist as 
either duplicated or unduplicated — unduplicated 
chromosomes are single linear strands, whereas 
duplicated chromosomes (copied during synthesis 
phase) contain two copies joined by a centromere. Compaction of the duplicated chromosomes during mitosis and 
meiosis results in the classic four-arm structure (pictured to the right). Chromosomal recombination plays a vital role 
in genetic diversity. If these structures are manipulated incorrectly, through processes known as chromosomal 
instability and translocation, the cell may undergo mitotic catastrophe and die, or it may aberrantly evade apoptosis 
leading to the progression of cancer. 

In practice "chromosome" is a rather loosely defined term. In prokaryotes and viruses, the term genophore is more 
appropriate when no chromatin is present. However, a large body of work uses the term chromosome regardless of 
chromatin content. In prokaryotes DNA is usually arranged as a circle, which is tightly coiled in on itself, sometimes 
accompanied by one or more smaller, circular DNA molecules called plasmids. These small circular genomes are 
also found in mitochondria and chloroplasts, reflecting their bacterial origins. The simplest genophores are found in 
viruses: these DNA or RNA molecules are short linear or circular genophores that often lack structural proteins. 




® 

Diagram of a duplicated and condensed metaphase eukaryotic 
chromosome. (1) Chromatid — one of the two identical parts of the 
chromosome after S phase. (2) Centromere — the point where the two 
chromatids touch, and where the microtubules attach. (3) Short arm. 
(4) Long arm. 
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History 

Nucleus as the seat of heredity 

The origin of this groundbreaking idea lies in a few sentences tucked away in Ernst Haeckel's Generelle 
Morphologie of 1866. The evidence for this insight gradually accumulated until, after twenty or so years, two of 
the greatest in a line of great German scientists spelled out the concept. August Weismann proposed that the germ 
line is separate from the soma, and that the cell nucleus is the repository of the hereditary material, which, he 
proposed, is arranged along the chromosomes in a linear manner. Further, he proposed that at fertilisation a new 
combination of chromosomes (and their hereditary material) would be formed. This was the explanation for the 
reduction division of meiosis (first described by van Beneden). 

Chromosomes as vectors of heredity 

In a series of experiments, Theodor Boveri gave the definitive demonstration that chromosomes are the vectors of 
heredity. His two principles were based upon the continuity of chromosomes and the individuality of chromosomes. 

It is the second of these principles that was so original. Boveri was able to test the proposal put forward by Wilhelm 
Roux, that each chromosome carries a different genetic load, and showed that Roux was right. Upon the rediscovery 
of Mendel, Boveri was able to point out the connection between the rules of inheritance and the behaviour of the 
chromosomes. It is interesting to see that Boveri influenced two generations of American cytologists: Edmund 
Beecher Wilson, Walter Sutton and Theophilus Painter were all influenced by Boveri (Wilson and Painter actually 
worked with him). 

In his famous textbook The Cell, Wilson linked Boveri and Sutton together by the Boveri-Sutton theory. Mayr 
remarks that the theory was hotly contested by some famous geneticists: William Bateson, Wilhelm Johannsen, 
Richard Goldschmidt and T.H. Morgan, all of a rather dogmatic turn-of-mind. Eventually complete proof came from 
chromosome maps in Morgan's own lab. 

Chromosomes in eukaryotes 

Eukaryotes (cells with nuclei such as those found in plants, yeast, and animals) possess multiple large linear 
chromosomes contained in the cell's nucleus. Each chromosome has one centromere, with one or two arms 
projecting from the centromere, although, under most circumstances, these arms are not visible as such. In addition, 
most eukaryotes have a small circular mitochondrial genome, and some eukaryotes may have additional small 
circular or linear cytoplasmic chromosomes. 

In the nuclear chromosomes of eukaryotes, the uncondensed DNA exists in a semi-ordered structure, where it is 
wrapped around histones (structural proteins), forming a composite material called chromatin. 

Chromatin 

Chromatin is the complex of DNA and protein found in the eukaryotic nucleus, which packages chromosomes. The 
structure of chromatin varies significantly between different stages of the cell cycle, according to the requirements of 
the DNA. 

Interphase chromatin 

During interphase (the period of the cell cycle where the cell is not dividing), two types of chromatin can be 
distinguished: 

• Euchromatin, which consists of DNA that is active, e.g., being expressed as protein. 

• Heterochromatin, which consists of mostly inactive DNA. It seems to serve structural purposes during the 
chromosomal stages. Heterochromatin can be further distinguished into two types: 
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• Constitutive heterochromatin, which is never expressed. It is located around the centromere and usually 
contains repetitive sequences. 

• Facultative heterochromatin, which is sometimes expressed. 

Individual chromosomes cannot be distinguished at this stage - they appear in the nucleus as a homogeneous tangled 
mix of DNA and protein. 

Metaphase chromatin and division 

In the early stages of mitosis or meiosis (cell division), the 
chromatin strands become more and more condensed. They cease 
to function as accessible genetic material (transcription stops) and 
become a compact transportable form. This compact form makes 
the individual chromosomes visible, and they form the classic four 
arm structure, a pair of sister chromatids attached to each other at 
the centromere. The shorter arms are called p arms (from the 
French petit, small) and the longer arms are called q arms (q 
follows p in the Latin alphabet). This is the only natural context in 
which individual chromosomes are visible with an optical 
microscope. 



TO- 1 
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Human chromosomes during metaphase. 



During divisions, long microtubules attach to the centromere and 
the two opposite ends of the cell. The microtubules then pull the 
chromatids apart, so that each daughter cell inherits one set of 

chromatids. Once the cells have divided, the chromatids are uncoiled and can function again as chromatin. In spite of 
their appearance, chromosomes are structurally highly condensed, which enables these giant DNA structures to be 
contained within a cell nucleus (Fig. 2). 

The self-assembled microtubules form the spindle, which attaches to chromosomes at specialized structures called 
kinetochores, one of which is present on each sister chromatid. A special DNA base sequence in the region of the 
kinetochores provides, along with special proteins, longer-lasting attachment in this region. 



Chromosomes in prokaryotes 

The prokaryotes - bacteria and archaea - typically have a single circular chromosome, but many variations do 
exist J 4 ^ Most bacteria have a single circular chromosome that can range in size from only 160,000 base pairs in the 
endosymbiotic bacterium Candidatus Carsonella ruddii} 5 ^ to 12,200,000 base pairs in the soil-dwelling bacterium 
Sorangium cellulosum^ Spirochaetes of the genus Borrelia are a notable exception to this arrangement, with 
bacteria such as Borrelia burgdorferi, the cause of Lyme disease, containing a single linear chromosome. [7] 

Structure in sequences 

Prokaryotic chromosomes have less sequence-based structure than eukaryotes. Bacteria typically have a single point 

rsi 

(the origin of replication) from which replication starts, whereas some archaea contain multiple replication origins. 
The genes in prokaryotes are often organized in operons, and do not usually contain introns, unlike eukaryotes. 

DNA packaging 

ran 

Prokaryotes do not possess nuclei. Instead, their DNA is organized into a structure called the nucleoid. The 
nucleoid is a distinct structure and occupies a defined region of the bacterial cell. This structure is, however, dynamic 
and is maintained and remodeled by the actions of a range of histone-like proteins, which associate with the bacterial 
chromosome. ^ In archaea, the DNA in chromosomes is even more organized, with the DNA packaged within 
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structures similar to eukaryotic nucleosomes. 

Bacterial chromosomes tend to be tethered to the plasma membrane of the bacteria. In molecular biology application, 
this allows for its isolation from plasmid DNA by centrifugation of lysed bacteria and pelleting of the membranes 
(and the attached DNA). 

Prokaryotic chromosomes and plasmids are, like eukaryotic DNA, generally supercoiled. The DNA must first be 
released into its relaxed state for access for transcription, regulation, and replication. 




Fig. 2: The major structures in DNA compaction; DNA, the nucleosome, the lOnm "beads-on-a-string" fibre, the 30nm fibre and the metaphase 

chromosome. 



Number of chromosomes in various organisms 
Eukaryotes 

These tables give the total number of chromosomes (including sex chromosomes) in a cell nucleus. For example, 
human cells are diploid and have 22 different types of autosome, each present as two copies, and two sex 
chromosomes. This gives 46 chromosomes in total. Other organisms have more than two copies of their 
chromosomes, such as bread wheat, which is hexaploid and has six copies of seven different chromosomes — 42 
chromosomes in total. 



Chromosome numbers in some plants 



Plant Species 


# 


[13] 

Arabidopsis thaliana (diploid) 


10 


p ,,. , .,,[14] 
Rye (diploid) 


14 


Maize (diploid or palaeotetraploid/^ 


20 


Einkorn wheat (diploid/^ 


14 


Durum wheat (tetraploid/^ 


28 


Bread wheat (hexaploid/^ 


42 


[17] 

Cultivated tobacco (tetraploid) 


48 


[18] 

Adder's Tongue Fern (diploid) 


approx 1,400 
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Chromosome numbers in other organisms 



Species 


Large 
Chromosomes 


Intermediate 
Chromosomes 


Microchromosomes 


Trypanosoma brucei 


11 


6 


-100 


[19] 

Domestic Pigeon (Columba livia domestics) 


18 




59-63 


Chicken [20] 


8 


2 sex 

chromosomes 


60 



Normal members of a particular eukaryotic species all have the same number of nuclear chromosomes (see the 
table). Other eukaryotic chromosomes, i.e., mitochondrial and plasmid-like small chromosomes, are much more 
variable in number, and there may be thousands of copies per cell. 

Asexually reproducing species have one set of chromosomes, 
which are the same in all body cells. However, asexual species can 
be either haploid or diploid. 

Sexually reproducing species have somatic cells (body cells), 
which are diploid [2n] having two sets of chromosomes, one from 
the mother and one from the father. Gametes, reproductive cells, 
are haploid [n]: They have one set of chromosomes. Gametes are 
produced by meiosis of a diploid germ line cell. During meiosis, 
the matching chromosomes of father and mother can exchange 
small parts of themselves (crossover), and thus create new 
chromosomes that are not inherited solely from either parent. 
When a male and a female gamete merge (fertilization), a new 
diploid organism is formed. 

Some animal and plant species are polyploid [Xn]: They have 
more than two sets of homologous chromosomes. Plants important 
in agriculture such as tobacco or wheat are often polyploid, 
compared to their ancestral species. Wheat has a haploid number 
of seven chromosomes, still seen in some cultivars as well as the 
wild progenitors. The more-common pasta and bread wheats are 
polyploid, having 28 (tetraploid) and 42 (hexaploid) chromosomes, compared to the 14 (diploid) chromosomes in the 
wild wheatJ 21 ^ 




The 23 human chromosome territories during 
prometaphase in fibroblast cells. 



Prokaryotes 

Prokaryote species generally have one copy of each major chromosome, but most cells can easily survive with 

["221 

multiple copies. For example, Buchnera, a symbiont of aphids has multiple copies of its chromosome, ranging 

T231 

from 1CM100 copies per cell. However, in some large bacteria, such as Epulopiscium fishelsoni up to 100,000 
copies of the chromosome can be present J 24 ^ Plasmids and plasmid-like small chromosomes are, as in eukaryotes, 
very variable in copy number. The number of plasmids in the cell is almost entirely determined by the rate of 
division of the plasmid — fast division causes high copy number, and vice versa. 
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Karyotype 



In general, the karyotype is the characteristic chromosome 
complement of a eukaryote species. The preparation and study 
of karyotypes is part of cytogenetics. 

Although the replication and transcription of DNA is highly 
standardized in eukaryotes, the same cannot be said for their 
karyotypes, which are often highly variable. There may be 
variation between species in chromosome number and in detailed 
organization. In some cases, there is significant variation within 
species. Often there is 1. variation between the two sexes; 2. 
variation between the germ-line and soma (between gametes and 
the rest of the body); 3. variation between members of a 
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Figure 3: Karyogram of a human male 





population, due to balanced genetic polymorphism; 4. 

geographical variation between races; 5. mosaics or otherwise abnormal individuals. Also, variation in karyotype 
may occur during development from the fertilised egg. 

The technique of determining the karyotype is usually called karyotyping. Cells can be locked part-way through 
division (in metaphase) in vitro (in a reaction vial) with colchicine. These cells are then stained, photographed, and 
arranged into a karyogram, with the set of chromosomes arranged, autosomes in order of length, and sex 
chromosomes (here X/Y) at the end: Fig. 3. 

Like many sexually reproducing species, humans have special gonosomes (sex chromosomes, in contrast to 
autosomes). These are XX in females and XY in males. 



Historical note 

Investigation into the human karyotype took many years to settle the most basic question. How many chromosomes 
does a normal diploid human cell contain? In 1912, Hans von Winiwarter reported 47 chromosomes in 
spermatogonia and 48 in oogonia, concluding an XX/XO sex determination mechanism. ^ Painter in 1922 was not 
certain whether the diploid number of man is 46 or 48, at first favouring 46. He revised his opinion later from 46 

T281 

to 48, and he correctly insisted on man's having an XX/XY system. 
New techniques were needed to definitively solve the problem: 

1. Using cells in culture 

2. Pretreating cells in a hypotonic solution, which swells them and spreads the chromosomes 

3. Arresting mitosis in metaphase by a solution of colchicine 

4. Squashing the preparation on the slide forcing the chromosomes into a single plane 

5. Cutting up a photomicrograph and arranging the result into an indisputable karyogram. 

It took until the mid-1950s for it to become generally accepted that the human karyotype include only 46 

T291 T301 

chromosomes. Considering the techniques of Winiwarter and Painter, their results were quite remarkable. 
Chimpanzees (the closest living relatives to modern humans) have 48 chromosomes. 
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Chromosomal aberrations 



Chromosomal aberrations are disruptions in the normal chromosomal 
content of a cell, and are a major cause of genetic conditions in 
humans, such as Down syndrome. Some chromosome abnormalities do 
not cause disease in carriers, such as translocations, or chromosomal 
inversions, although they may lead to a higher chance of birthing a 
child with a chromosome disorder. Abnormal numbers of 
chromosomes or chromosome sets, aneuploidy, may be lethal or give 
rise to genetic disorders. Genetic counseling is offered for families that 
may carry a chromosome rearrangement. 

The gain or loss of DNA from chromosomes can lead to a variety of 
genetic disorders. Human examples include: 

• Cri du chat, which is caused by the deletion of part of the short arm 
of chromosome 5. "Cri du chat" means "cry of the cat" in French, 
and the condition was so-named because affected babies make 
high-pitched cries that sound like those of a cat. Affected 
individuals have wide-set eyes, a small head and jaw, and are 
moderately to severely mentally retarded and very short. 

• Wolf-Hirschhorn syndrome, which is caused by partial deletion of 
the short arm of chromosome 4. It is characterized by severe growth 
retardation and severe to profound mental retardation. 

• Down syndrome, usually is caused by an extra copy of chromosome 

21 (trisomy 21). Characteristics include decreased muscle tone, 

stockier build, asymmetrical skull, slanting eyes and mild to 

1311 

moderate mental retardation. 

• Edwards syndrome, which is the second-most-common trisomy; 
Down syndrome is the most common. It is a trisomy of 
chromosome 18. Symptoms include mental and motor retardation 
and numerous congenital anomalies causing serious health 
problems. Ninety percent die in infancy; however, those that live 
past their first birthday usually are quite healthy thereafter. They 
have a characteristic clenched hands and overlapping fingers. 

• Patau Syndrome, also called D-Syndrome or trisomy- 13. Symptoms 
are somewhat similar to those of trisomy- 18, but they do not have 
the characteristic hand shape. 

• Idic 15, abbreviation for Isodicentric 15 on chromosome 15; also 
called the following names due to various researches, but they all 
mean the same; IDIC(15), Inverted dupliction 15, extra Marker, Inv 
dup 15, partial tetrasomy 15 

• Jacobsen syndrome, also called the terminal 1 lq deletion 

T321 

disorder. This is a very rare disorder. Those affected have 
normal intelligence or mild mental retardation, with poor expressive 
language skills. Most have a bleeding disorder called 
Paris-Trousseau syndrome. 






The three major single chromosome mutations; 
deletion (1), duplication (2) and inversion (3). 




The two major two- chromosome mutations; 
insertion (1) and translocation (2). 
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In Down syndrome, there 
are three copies of 
chromosome 21 
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• Klinefelter's syndrome (XXY). Men with Klinefelter syndrome are usually sterile, and tend to have longer arms 
and legs and to be taller than their peers. Boys with the syndrome are often shy and quiet, and have a higher 
incidence of speech delay and dyslexia. During puberty, without testosterone treatment, some of them may 
develop gynecomastia. 

• Turner syndrome (X instead of XX or XY). In Turner syndrome, female sexual characteristics are present but 
underdeveloped. People with Turner syndrome often have a short stature, low hairline, abnormal eye features and 
bone development and a "caved-in" appearance to the chest. 

• XYY syndrome. XYY boys are usually taller than their siblings. Like XXY boys and XXX girls, they are 
somewhat more likely to have learning difficulties. 

• Triple-X syndrome (XXX). XXX girls tend to be tall and thin. They have a higher incidence of dyslexia. 

• Small supernumerary marker chromosome. This means there is an extra, abnormal chromosome. Features depend 
on the origin of the extra genetic material. Cat-eye syndrome and isodicentric chromosome 15 syndrome (or 
Idicl5) are both caused by a supernumerary marker chromosome, as is Pallister-Killian syndrome. 

Chromosomal mutations produce changes in whole chromosomes (more than one gene) or in the number of 
chromosomes present. 

• Deletion — loss of part of a chromosome 

• Duplication — extra copies of a part of a chromosome 

• Inversion — reverse the direction of a part of a chromosome 

• Translocation — part of a chromosome breaks off and attaches to another chromosome 

Most mutations are neutral — have little or no effect. Chromosomal aberrations are the changes in the structure of 

chromosomes. It has a great role in evolution. A detailed graphical display of all human chromosomes and the 

[33] 

diseases annotated at the correct spot may be found at ~ . 



Human chromosomes 

Chromosomes can be divided into two types— autosomes, and sex chromosomes. Certain genetic traits are linked to 
your sex, and are passed on through the sex chromosomes. The autosomes contain the rest of the genetic hereditary 
information. All act in the same way during cell division. Human cells have 23 pairs of large linear nuclear 
chromosomes, (22 pairs of autosomes and one pair of sex chromosomes) giving a total of 46 per cell. In addition to 
these, human cells have many hundreds of copies of the mitochondrial genome. Sequencing of the human genome 
has provided a great deal of information about each of the chromosomes. Below is a table compiling statistics for the 
chromosomes, based on the Sanger Institute's human genome information in the Vertebrate Genome Annotation 
(VEGA) databaseJ 34 ^ Number of genes is an estimate as it is in part based on gene predictions. Total chromosome 
length is an estimate as well, based on the estimated size of unsequenced heterochromatin regions. 
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Chromosome 


Genes 


Total bases 


[35] 

Sequenced bases 


i 


4,220 


247,199,719 


224,999,719 


2 


1,491 


242,751,149 


237,712,649 


3 


1,550 


199,446,827 


194,704,827 


4 


446 


191,263,063 


187,297,063 


5 


609 


180,837,866 


177,702,766 


6 


2,281 


170,896,993 


167,273,993 


7 


2,135 


158,821,424 


154,952,424 


8 


1,106 


146,274,826 


142,612,826 


9 


1,920 


140,442,298 


120,312,298 


10 


1,793 


135,374,737 


131,624,737 


11 


379 


134,452,384 


131,130,853 


12 


1,430 


132,289,534 


130,303,534 


13 


924 


114,127,980 


95,559,980 


14 


1,347 


106,360,585 


88,290,585 


15 


921 


100,338,915 


81,341,915 


16 


909 


88,822,254 


78,884,754 


17 


1,672 


78,654,742 


77,800,220 


18 


519 


76,117,153 


74,656,155 


19 


1,555 


63,806,651 


55,785,651 


20 


1,008 


62,435,965 


59,505,254 


21 


578 


46,944,323 


34,171,998 


22 


1,092 


49,528,953 


34,893,953 


X (sex chromosome) 


1,846 


154,913,754 


151,058,754 


Y (sex chromosome) 


454 


57,741,652 


25,121,652 


Total 


32,185 


3,079,843,747 


2,857,698,560 



See also 

• Locus (explains gene location nomenclature) 

• Sex-determination system 

• XY sex-determination system 

• X chromosome 

• X-inactivation 

• Y chromosome 

• Y-chromosomal Adam 

• Y-chromosomal Aaron 

• Genetic genealogy 

• Genealogical DNA test 

• Genetic deletion 
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• List of number of chromosomes of various organisms 

• For information about chromosomes in genetic algorithms, see chromosome (genetic algorithm) 



External links 

• An Introduction to DNA and Chromosomes [167] from HOPES: Huntington's Outreach Project for Education at 



Stanford 

Chromosome Abnormalities at AtlasGeneticsOncology 



[36] 
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What Can Our Chromosomes Tell Us? , from the University of Utah's Genetic Science Learning Center 

Try making a karyotype yourself , from the University of Utah's Genetic Science Learning Center 

T391 

Kimballs Chromosome pages 

Chromosome News from Genome News Network [40] 

Eurochromnet ^ 41 \ European network for Rare Chromosome Disorders on the Internet 
http://www.ensembl.org Ensembl project, presenting chromosomes, their genes and syntenic loci graphically 
via the web 

Genographic Project ^ 

Home reference on Chromosomes ' 43 ^ from the U.S. National Library of Medicine 
Visualisation of human chromosomes [44] and comparison to other species 

Unique - The Rare Chromosome Disorder Support Group [45] Support for people with rare chromosome disorders 

Chromosome numbers (2n) in some animals 



Species 


# 


Species 


# 


Common fruit fly 


8 


Guinea Pig' 4 ^ 


64 


[47] 

Guppy (poecilia reticulata) 


23 


Garden snail^ 4 ^ 


54 


[49] 

Earthworm Octodrilus complanatus 


36 


Tibetan fox 


36 


[50] 

Domestic cat 


38 


Domestic pig 


38 


r k , [51] [52] 
Laboratory mouse 


40 


T k , J52] 
Laboratory rat 


42 


[53] 

Rabbit {Oryctolagus cuniculus) 


44 


Syrian 

u . [5H 
hamster 


44 


Hares [54] [55] 


48 


[56] 

Human 


46 


Gorillas, Chimpanzees^^ 


48 


Domestic sheep 


54 


Elephants 


56 


Cow 


60 


Donkey 


62 


Horse 


64 


Dog™ 


78 


„. f . , [59] 
Kingfisher 


132 


Goldfish [6 ° ] 


100-104 


Silkworm 


56 
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Telomere 



A telomere is a region of repetitive DNA at 
the end of a chromosome, which protects the 
end of the chromosome from deterioration. 
Its name is derived from the Greek nouns 
telos {relog) "end" and meros diegog, root: 
Heg-) "part". 

Russian theorist Alexei Olovnikov was the 
first to recognize (1971) the problem of how 
chromosomes could replicate right to the tip, 
as such was impossible with replication in a 
5' to 3' direction. To solve this and to 
accommodate Leonard Hayflick's idea of 
limited somatic cell division, Olovnikov 
suggested that DNA sequences would be 
lost in every replicative phase until they 
reached a critical level, at which point cell 
division would stop. [1] [2] 



Human chromosomes (grey) capped by telomeres (white) 



During cell division, the enzymes that duplicate the chromosome and its DNA cannot continue their duplication all 
the way to the end of the chromosome. If cells divided without telomeres, they would lose the ends of their 
chromosomes, and the necessary information they contain. (In 1972, James Watson named this phenomenon the 
"end replication problem".) The telomeres are disposable buffers blocking the ends of the chromosomes and are 
consumed during cell division and replenished by an enzyme, the telomerase reverse transcriptase. 

T31 

They have been likened to the aglets (tips) on the ends of shoelaces that keep them from fraying. 

In 1975-1977, Blackburn, working as a postdoctoral fellow at Yale University with Joseph Gall, discovered the 
unusual nature of telomeres, with their simple repeated DNA sequences composing chromosome ends. Their work 
was published in 1978. The telomere shortening mechanism normally limits cells to a fixed number of divisions, and 
animal studies suggest that this is responsible for aging on the cellular level and sets a limit on lifespans. Telomeres 
protect a cell's chromosomes from fusing with each other or rearranging — abnormalities which can lead to 
cancer — and so cells are normally destroyed when their telomeres are consumed. Most cancers are the result of 
"immortal" cells which have ways of evading this programmed destruction. [4] 

Elizabeth Blackburn, Carol Greider, and Jack Szostak were awarded the 2009 Nobel Prize in Physiology or 
Medicine for the discovery of how chromosomes are protected by telomeres and the enzyme telomerase. [5] 

Nature and function of telomeres 



Structure and function 

Telomeres are repetitive DNA sequences located at the termini of linear chromosomes of most eukaryotic organisms, 
and a few prokaryotes. Telomeres compensate for incomplete semi-conservative DNA replication at chromosomal 
ends. The protection against homologous recombination (HR) and non-homologous end joining (NHEJ) constitutes 
the essential "capping" role of telomeres that distinguishes them from DNA double-strand breaks (DSBs) (Lundblad, 
2000; Ferreira et al, 2004). 
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In most prokaryotes, chromosomes are circular and thus do not have 
ends to suffer premature replication termination. A small fraction of 
bacterial chromosomes (such as those in Streptomyces and Borrelia) 
are linear and possess telomeres, which are very different from those of 
the eukaryotic chromosomes in structure and functions. The known 
structures of bacterial telomeres take the form of proteins bound to the 
ends of linear chromosomes, or hairpin loops of single-stranded DNA 
at the ends of the linear chromosomes.^ 

In most multicellular eukaryotic organisms, telomerase is active only 
in germ cells, stem cells and certain white blood cells. There are 
theories that the steady shortening of telomeres with each replication in 
somatic (body) cells may have a role in senescence and in the 
prevention of cancer. This is because the telomeres act as a sort of time -delay "fuse", eventually running out after a 
certain number of cell divisions and resulting in the eventual loss of vital genetic information from the cell's 
chromosome with future divisions. 

Telomere length varies greatly between species, from approximately 300 to 600 base pairs in yeast (Shampay et al., 
1984) to many kilobases in humans, and usually is composed of arrays of guanine-rich, six-to-eight base-pair-long 
repeats. Eukaryotic telomeres normally terminate with 3' single-stranded-DNA overhang which is essential for 
telomere maintenance and capping. Multiple proteins binding single- and double-stranded telomere DNA have been 
identified (Blackburn, 2001; Smogorzewska and de Lange, 2004; Cech, 2004; De Lange et al., 2005; Kota and 
Runge, 1999). These function in both telomere maintenance and capping. 

Telomere shortening in humans can induce replicative senescence which blocks cell division. This mechanism 
appears to prevent genomic instability and development of cancer in human aged cells by limiting the number of cell 
divisions. Malignant cells which bypass this arrest become immortalized by telomere extension mostly due to the 
activation of telomerase, the reverse transcriptase enzyme responsible for synthesis of telomeres. However, 5—10% 
of human cancers activate the Alternative Lengthening of Telomeres (ALT) pathway which relies on 
recombination-mediated elongation. 

Human telomeres, cancer and ALT 

Human somatic cells lacking telomerase gradually lose telomeric sequences as a result of incomplete replication 
(Counter et ai, 1992). As human telomeres grow shorter, eventually cells reach the limit of their replicative capacity 
and progress into senescence. Senescence involves p53 and pRb pathways and leads to the arrest of cell proliferation 
(Campisi, 2005). It is thought that senescence plays an important role in suppression of emergence of cancer. 
However, further cell proliferation can be achieved by inactivation of p53 and pRb pathways. Cells entering 
proliferation after inactivation of p53 and pRb pathways undergo crisis. Crisis is characterized by gross 
chromosomal rearrangements and genome instability, and almost all cells die. Rare cells emerge from crisis 
immortalized through telomere elongation by either activated telomerase or ALT (Colgina and Reddel, 1999; Reddel 
and Bryan, 2003). The first description of an ALT cell line demonstrated that the telomeres were highly 
heterogeneous in length and predicted a mechanism involving recombination (Murnane et al., 1994). Subsequent 
studies have confirmed a role for recombination in telomere maintenance by ALT (Dunham et al., 2000), however, 
the exact mechanism of this pathway is yet to be determined. ALT cells produce abundant t-circles, possible 
products of intratelomeric recombination and t-loop resolution (Cesare and Griffith, 2004; Wang et ai, 2004). 

Telomerase is a "ribonucleoprotein complex" composed of a protein component and an RNA primer sequence which 
acts to protect the terminal ends of chromosomes. The actions of telomerase are necessary because, during 
replication, DNA polymerase can only synthesize DNA in a 5' to 3' direction and can only do so by adding 
polynucleotides to an RNA primer that has already been placed at various points along the length of the DNA. These 




Three-dimensional molecular structure of a 
telomere. 
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RNA strands must later be replaced with DNA. This replacement of the RNA primers is not a problem at origins of 
replication within the chromosome because DNA polymerase can use a previous stretch of DNA 5' to the RNA 
template as a template to backfill the sequence where the RNA primer was; at the terminal end of the chromosome, 
however, DNA polymerase cannot replace the RNA primer because there is no position 5' of the RNA primer where 
another primer can be placed nor is there DNA upstream that can be used as a primer so that DNA polymerase can 
replace the RNA primer. Without telomeres at the end of DNA, this genetic sequence at the end of the chromosome 
would be deleted and the chromosome would grow shorter and shorter in subsequent replications. The telomere 
prevents this problem by employing a different mechanism to synthesize DNA at this point, thereby preserving the 
sequence at the terminal of the chromosome. This prevents chromosomal fraying and prevents the ends of the 
chromosome from being processed as a double strand DNA break, which could lead to chromosome-to-chromosome 
telomere fusions. Telomeres are extended by telomerases, part of a protein subgroup of specialized reverse 
transcriptase enzymes known as TERT (TElomerase Reverse Transcriptases) that are involved in synthesis of 
telomeres in humans and many other, but not all, organisms. However, because of DNA replication mechanisms, 
oxidative stress, and because TERT expression is very low in many types of human cells, the telomeres of these cells 
shrink a little bit every time a cell divides although in other cellular compartments which require extensive cell 
division, such as stem cells and certain white blood cells, TERT is expressed at higher levels and telomere 
shortening is partially or fully prevented. 

In addition to its TERT protein component, 
telomerase also contains a piece of template 
RNA known as the TERC (TElomerase 
RNA Component) or TR (Telomerase 
RNA). In humans, this TERC telomere 
sequence is a repeating string of TTAGGG, 
between 3 and 20 kilobases in length. There 
are an additional 100-300 kilobases of 
telomere-associated repeats between the 
telomere and the rest of the chromosome. 
Telomere sequences vary from species to 
species, but generally one strand is rich in G 
with fewer Cs. These G-rich sequences can 
form four-stranded structures 

(G-quadruplexes), with sets of four bases 
held in plane and then stacked on top of 
each other with either a sodium or 
potassium ion between the planar 
quadruplexes. 

If telomeres become too short, they will potentially unfold from their presumed closed structure. It is thought that the 
cell detects this uncapping as DNA damage and then enters cellular senescence, growth arrest or apoptosis, 
depending on the cell's genetic background (p53 status). Uncapped telomeres also result in chromosomal fusions. 
Since this damage cannot be repaired in normal somatic cells, the cell may even go into apoptosis. Many 
aging-related diseases are linked to shortened telomeres. Organs deteriorate as more and more of their cells die off or 
enter cellular senescence. 

At the very distal end of the telomere is a 300 bp single-stranded portion which forms the T-Loop. This loop is 
analogous to a 'knot' which stabilizes the telomere, preventing the telomere ends from being recognized as break 
points by the DNA repair machinery. Should non-homologous end joining occur at the telomeric ends, chromosomal 
fusion will result. The T-loop is held together by seven known proteins; most notably TRF1, TRF2, POT1, TIN1, 
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and TIN2, collectively referred to as the shelterin complex. 

A study published in the May 3, 2005 issue of the American Heart Association journal Circulation found that weight 
gain and increased insulin resistance were correlated with greater telomere shortening over time. 

Telomere shortening 

Telomeres shorten in part because of the end 
replication problem that is exhibited during DNA 
replication in eukaryotes only. Because DNA 
replication does not begin at either end of the DNA 
strand, but starts in the center, and considering that all 
DNA polymerases that have been discovered move in 
the 5' to 3' direction, one finds a leading and a lagging 
strand on the DNA molecule being replicated. 

On the leading strand, DNA polymerase can make a 
complementary DNA strand without any difficulty 
because it goes from 5' to 3'. However, there is a 
problem going in the other direction on the lagging 
strand. To counter this, short sequences of RNA acting 
as primers attach to the lagging strand a short distance 
ahead of where the initiation site was. The DNA 
polymerase can start replication at that point and go to 
the end of the initiation site. This causes the formation of Okazaki fragments. More RNA primers attach further on 
the DNA strand and DNA polymerase comes along and continues to make a new DNA strand. 

Eventually, the last RNA primer attaches, and DNA polymerase, RNA nuclease and DNA ligase come along to 
convert the RNA (of the primers) to DNA and to seal the gaps in between the Okazaki fragments. But in order to 
change RNA to DNA, there must be another DNA strand in front of the RNA primer. This happens at all the sites of 
the lagging strand, but it does not happen at the end where the last RNA primer is attached. Ultimately, that RNA is 
destroyed by enzymes that degrade any RNA left on the DNA. Thus, a section of the telomere is lost during each 
cycle of replication at the 5' end of the lagging strand. 

However, in vitro studies (von Zglinicki et al. 1995, 2000) have shown that telomeres are highly susceptible to 
oxidative stress. Telomere shortening due to free radicals explains the difference between the estimated loss per 
division because of the end-replication problem (ca. 20 bp) and actual telomere shortening rates (50-100 bp), and has 
a greater absolute impact on telomere length than shortening caused by the end-replication problem. 

Lengthening telomeres 

The phenomenon of limited cellular division was first observed by Leonard Hayflick, and is now referred to as the 
Hayflick limit. Significant discoveries were made by the team led by Professor Elizabeth Blackburn at the University 
of California, San Francisco (UCSF). 

Advocates of human life extension promote the idea of lengthening the telomeres in certain cells through temporary 
activation of telomerase (by drugs), or possibly permanently by gene therapy. They reason that this would extend 
human life. So far these ideas have not been proven in humans. 

However, it has been hypothesized that there is a trade-off between cancerous tumor suppression and tissue repair 
capacity, in that lengthening telomeres might slow aging and in exchange increase vulnerability to cancer (Weinstein 
and Ciszek, 2002). 




3* 5' 

Lagging strand during DNA replication 
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A study done with the nematode worm species Caenorhabditis elegans indicates that there is a correlation between 
lengthening telomeres and a longer lifespan. Two groups of worms were studied which differed in the amount of the 
protein HRP-1 their cells produced, resulting in telomere lengthening in the mutant worms. The worms with the 
longer telomeres lived 24 days on average, about 20 percent longer than the normal worms. [8] 

Techniques to extend telomeres could be useful for tissue engineering, because they might permit healthy, 
noncancerous mammalian cells to be cultured in amounts large enough to be engineering materials for biomedical 
repairs. 

However, there are several issues that still need to be cleared up. First, it is not even certain whether the relationship 
between telomeres and aging is causal. Changing telomere lengths are usually associated with changing speed of 
senescence. This telomere shortening, however, might be a consequence of, and not a reason for, aging. 

That the role of telomeres is far from being understood is demonstrated by two recent studies on long-lived seabirds. 
In 2003, scientists observed that the telomeres of Leach's Storm-petrel (Oceanodroma leucorhoa) seem to lengthen 
with chronological age, the first observed instance of such behaviour of telomeres. [9] In 2006, Juola et al} 10 ^ reported 
that in another unrelated, long-lived seabird species, the Great Frigatebird (Fregata minor), telomere length did 
decrease until at least c.40 years of age (i.e. probably over the entire lifespan), but the speed of decrease slowed 
down massively with increasing ages, and that rates of telomere length decrease varied strongly between individual 
birds. They concluded that in this species (and probably in frigatebirds and their relatives in general), telomere length 
could not be used to determine a bird's age sufficiently well. Thus, it seems that there is much more variation in the 
behavior of telomere length than initially believed. 

The telomere length varies in cloned animals. Sometimes the clones end up with shorter telomeres since the DNA 
has already divided countless times. Occasionally, the telomeres in a clone's DNA are longer because they get 
"reprogrammed". The clone's new telomeres combine with the old ones, giving it abnormally long telomeres. 

In 2008, UCLA and Sierra Sciences confirmed two different small molecule compounds that activated Telomerase. 
Sierra Sciences, a biotechnology company in Reno, NV, has discovered a small-molecule, drug-like compound that 
turns on the expression of telomerase in human cells. Their scientists are presently characterizing its mechanism of 
action. 11 1] While UCLA confirmed a small-molecule extract from a plant, that turns on the expression of telomerase 
in human cellJ 12 ^ 

In 2008, Dr. Dean Ornish of the Preventive Medicine Research Institute (Sausalito, CA) and colleagues at the 
University of California at San Francisco conducted a study of 30 men with low-risk prostate cancer on the possible 
effects of lifestyle changes on telomeres. The findings of the study were published in The Lancet Oncology. The 
men were asked to make several lifestyle changes, including attending a three-day retreat; eating a diet low in refined 
sugars and rich in whole foods, fruits, and vegetables, with only 10 percent of calories derived from fat; and 
engaging in several other activities, such as moderate aerobic exercise, relaxation techniques and breathing exercises. 
Telomerase levels were measured at baseline, and again after three months, when researchers discovered that, in the 
24 participants with sufficient data for analysis, telomerase in the blood had increased by 29 percent. The authors 
commented that "The implications of this study are not limited to men with prostate cancer. Comprehensive lifestyle 
changes may cause improvements in telomerase and telomeres that may be beneficial to the general population as 
well." In a cautionary note due to the limited nature of the pilot study, the authors indicated the link between lifestyle 
changes and increases in telomerase activity was reported as "significant association rather than inferring causation" 
until wider studies are completed. [13] [14] 
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Measurement of telomere length in the laboratory 

Several techniques are currently employed to assess average telomere length in eukaryotic cells. The most widely 
used method is the Terminal Restriction Fragment (TRF) southern blot, which involves hybridization of a 
radioactive 32P-(TTAGGG)n oligonucleotide probe to Hinf / Rsa I digested genomic DNA embedded on a nylon 
membrane and subsequently exposed to autoradiographic film or phosphoimager screen. Another histochemical 
method, termed Q-FISH, involves fluorescent in situ hybridization (FISH). Q-FISH, however, requires significant 
amounts of genomic DNA (2-20 micrograms) and labor which renders its use limited in large epidemiological 
studies. Some of these impediments have been overcome with a Real-Time PCR assay for telomere length and 
Flow-FISH. RT-PCR assay involves determining the Telomere- to-Single Copy Gene (T/S)ratio, which is 
demonstrated to be proportional to the average telomere length in a cell. The Real-Time PCR assay has been since 
scaled up to high-throughput 384-well format use, making the assay feasible for use in large cohort studies. 
Flow-FISH is an adaptation of the Q-FISH telomere quantitation technique, which uses a flow cytometer to measure 
median fluorescence of a population of cells, thus reducing labor requirements and increasing reproducibility. 
Flow-FISH has been scaled up to the 96-well format. ^ 15 ^ 

Another technique, referred to as single telomere elongation length analysis (STELA), was developed in 2003 by 
Duncan Baird. This technique is a PCR based technique. As a result, it is has a much higher resolution than previous 
telomere length analysis techniques. And because chromosome specific primers can be used, investigations can 
target specific telomere ends. This is something that is not possible with TRF analysis. However, due to this 
technique's being PCR-based, telomeres larger than 25Kb cannot be amplified and there is a bias towards shorter 
telomeres. This can be problematic when analysing ALT positive cell lines as these have very heterogeneous 
telomere lengths and can exhibit telomeres as large as 50Kb. 

Telomere sequences 



Some known telomere sequences 



Group 


Organism 


Telomeric repeat (5' to 3' toward the end) 


Vertebrates 


Human, mouse, Xenopus 


TTAGGG 


Filamentous fungi 


Neurospora crassa 


TTAGGG 


Slime moulds 


Physarum, Didymium 


TTAGGG 


Dictyostelium 


AG(l-8) 


Kinetoplastid protozoa 


Trypanosoma, Crithidia 


TTAGGG 


Ciliate protozoa 


Tetrahymena, Glaucoma 


TTGGGG 


Paramecium 


TTGGG(T/G) 


Oxytricha, Stylonychia, Euplotes 


TTTTGGGG 


Apicomplexan protozoa 


Plasmodium 


TTAGGG(T/C) 


Higher plants 


Arabidopsis thaliana 


TTTAGGG 


Green algae 


Chlamydomonas 


TTTTAGGG 


Insects 


Bombyx mori 


TTAGG 


Roundworms 


Ascaris lumbricoides 


TTAGGC 


Fission yeasts 


Schizosaccharomyces pombe 


TTAC(A)(C)G(l-8) 
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Budding yeasts 


Saccharomyces cerevisiae 


TGTGGGTGTGGTG (from RNA template) 
or G(2-3)(TG)(1-6)T (consensus) 




Saccharomyces castellii 


TCTGGGTG 




Candida glabrata 


GGGGTCTGGGTGCTG 




Candida albicans 


GGTGTACGGATGTCTAACTTCTT 




Candida tropicalis 


GGTGT A [C/A] GG ATGTC ACG ATC ATT 




Candida maltosa 


GGTGTACGGATGCAGACTCGCTT 




Candida guillermondii 


GGTGTAC 




Candida pseudotropicalis 


GGTGT ACGGATTTGATTAGTTATGT 




Kluyveromyces lactis 


GGTGT ACGGATTTGATTAGGTATGT 



Systemic telomere length and aging 

As a measure of systemic telomere length, peripheral blood leukocyte telomere length is generally preferred. 
Systemic telomere length has been proposed as a marker of biological aging. A subject's systemic telomere length is 
predominantly genetically determined, but has several other known determinants: age (shorter telomeres in older 
people), paternal age at birth (longer telomeres in subjects with older fathers at their birth) and sex (shorter telomeres 
in men, probably due to a faster telomere attrition). Evidence suggests that elevated levels of oxidative stress and 
inflammation further increase the telomere attrition rateJ 16] 

Vitamin D may have an effect on peripheral blood leukocyte telomere length. Richards and coworkers examined 
whether vitamin D concentrations would slow the rate of shortening of leukocyte telomeres. The authors stated that 
vitamin D is a potent inhibitor of the proinflammatory response and slows the turnover of leukocytes. Leukocyte 
telomere length (LTL) predicts the development of aging-related disease, and the length of these telomeres decreases 
with each cell division and with increased inflammation. Researchers measured serum vitamin D concentrations in 
2160 women, aged 18-79 years (mean age: 49.4), from a large population-based cohort of twins. This study divided 
the group into thirds, based on vitamin D levels, and found that increased age was significantly associated with 
shorter LTL (r = -0.40, P < 0.0001). Higher serum vitamin D concentrations were significantly associated with 
longer LTL (r = 0.07, P = 0.0010) and this finding persisted even after adjustment for age (r = 0.09, P < 0.0001) and 
other variables that independently could affect LTL (age, season of vitamin D measurement, menopausal status, use 
of hormone replacement therapy, and physical activity). The difference in LTL between the highest and lowest 
tertiles of vitamin D was highly significant (P = 0.0009) and the authors stated that this was equivalent to 5.0 years 
of aging. The authors concluded that higher vitamin D levels, easily modifiable through nutritional supplementation, 
were associated with longer LTL. This underscores the potentially beneficial effects of vitamin D on aging and 
age-related diseases. [17] Also, peer reviewed clinical studies indicate a relationship between regular exercise and the 
minimizing of telomere erosion in both mice and humans P ^ 



Telomeres and cancer 

As a cell begins to become cancerous, it divides more often and its telomeres become very short. If its telomeres get 
too short, the cell may die. It can escape this fate by becoming a cancer cell and activating an enzyme called 
telomerase, which prevents the telomeres from getting even shorter. 

Studies have found shortened telomeres in many cancers, including pancreatic, bone, prostate, bladder, lung, kidney, 
and head and neck. 

Measuring telomerase may be a new way to detect cancer. If scientists can learn how to stop telomerase, they might 
be able to fight cancer by making cancer cells age and die. In one experiment, researchers blocked telomerase 
activity in human breast and prostate cancer cells growing in the laboratory, prompting the tumor cells to die. But 
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there are risks. Blocking telomerase could impair fertility, wound healing and production of blood cells and immune 
system cells. 

Cancer cells require a mechanism to maintain their telomeric DNA in order to continue dividing indefinitely 
(immortalization). A mechanism for telomere elongation or maintenance is one of the key steps in cellular 
immortalization and can be used as a diagnostic marker in the clinic. Telomerase, the enzyme complex responsible 
for elongating telomeres, is activated in approximately 90% of tumors. However, a sizeable fraction of cancerous 

ri9i 

cells employ alternative lengthening of telomeres (ALT), a non-conservative telomere lengthening pathway 
involving the transfer of telomere tandem repeats between sister-chromatids. The mechanism by which ALT is 
activated is not fully understood because these exchange events are difficult to assess in vivoP 0 ^ 

Telomerase is the natural enzyme which promotes telomere repair. It is however not active in most cells. It is active 
in stem cells, germ cells, hair follicles and in 90 percent of cancer cells. Telomerase functions by adding bases to the 
ends of the telomeres. As a result of this telomerase activity, these cells seem to possess a kind of immortality. 

Studies using knockout mice have demonstrated that the role of telomeres in cancer can both be limiting to tumor 

T211 T221 

growth, as well as promote tumorigenesis, depending on the cell type and genomic context. 



Telomeres and cardiovascular aging 

Shorter (systemic) telomere length has been suggested as an independent risk factor for cardiovascular disease. The 
origin of this association is unclear and several models have been proposed, particularly attributing the biomarker 
value to a genetic prediposition in subjects with shorter telomeres, to an effect of inflammation and oxidative stress 
or to a combination of bothJ 16] 



Telomeres in forensic science 

A 2002 Japanese study found that an individual's age can be roughly estimated from the length of their telomeres, 
making it possible to determine the age of any forensic sample that contains well-preserved DNA. Formerly, 
forensic scientists were forced to rely on morphological characteristics (such as the growth and decay of bones) to 
determine an individual's age.'- 24 -' 



Telomeres in pop culture 

The suggested relationship between telomeres and human aging has often been used as an essential plot point in 
popular fiction, usually well beyond any current scientific understanding. 

• Telomeres, and their function in the chromosome reproduction, are referred to as an integral part of the plot of 
"The Kindred (part 2)" episode of the science fiction television series Stargate Atlantis, which first aired in the 
United States on February 29, 2008, on the Sci-Fi Channel. The image used in the episode is the same as the 
example at the beginning of this article, which lies in the public domain. The original image was cropped to show 
a small section from the upper-left corner, and given an orange glow to stand out. 

• In the anime series Gundam SEED (as well as its sequel, Mobile Suit Gundam SEED Destiny), shorter telomeres 
are given as the reason why clones such as Rey Za Burrel age and die faster than people who were born naturally. 

• The novel Rollback by Robert J. Sawyer is centered around the idea of lengthening telomeres as a means of 
increasing one's lifespan. 

• In the novel Turnabout by Margaret Peterson Haddix, injections stop the telomeres from shortening, supposedly 
causing the main characters to "unage". 

• In the PlayStation 3 game Metal Gear Solid 4, Solid Snake was cloned with shortened telomeres, which is the 
explanation given for his rapid aging. 
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• In the TV series Eleventh Hour, one of the main antagonists, a geneticist with the alias Geppetto, supposedly 
finds a way to lengthen telomeres thereby reducing the effects of aging on the quality of the host's DNA. 

• In the Area 51 novels by Robert Doherty, the Grail (a fictional alien artifact claimed as the source of the Holy 
Grail legend) makes humans immortal by giving them the ability to produce telomerase. 

• Albedo Piazolla, one of the main villains of the Xenosaga series, is a genetically engineered superhuman 
possessing supernatural regenerative powers that are attributed to him having "infinite telomerase". 



See also 

• Senescence (Biological aging). 

• Rejuvenation (aging) 

• Immortality 
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DNA polymerase 



A DNA polymerase is an enzyme that catalyzes the polymerization of 
deoxyribonucleotides into a DNA strand. DNA polymerases are 
best-known for their role in DNA replication, in which the polymerase 
"reads" an intact DNA strand as a template and uses it to synthesize the 
new strand. This process copies a piece of DNA. The 
newly-polymerized molecule is complementary to the template strand 
and identical to the template's original partner strand. DNA 
polymerases use a magnesium ion for catalytic activity. 




3D structure of the DNA-binding helix-turn-helix 
motifs in human DNA polymerase beta 
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Function 

DNA polymerase can add free nucleotides to only the 3' end of the 
newly-forming strand. This results in elongation of the new strand in a 
5'-3' direction. No known DNA polymerase is able to begin a new 
chain (de novo). DNA polymerase can add a nucleotide onto only a 
preexisting 3'-OH group, and, therefore, needs a primer at which it can 
add the first nucleotide. Primers consist of RNA and DNA bases with 
the first two bases always being RNA, and are synthesized by another 
enzyme called primase. An enzyme known as a helicase is required to 
unwind DNA from a double-strand structure to a single-strand 
structure to facilitate replication of each strand consistent with the 
semiconservative model of DNA replication. 

Error correction is a property of some, but not all, DNA polymerases. 
This process corrects mistakes in newly-synthesized DNA. When an 
incorrect base pair is recognized, DNA polymerase reverses its 
direction by one base pair of DNA. The 3'-5' exonuclease activity of 
the enzyme allows the incorrect base pair to be excised (this activity is 
known as proofreading). Following base excision, the polymerase can 
re-insert the correct base and replication can continue. 

Various DNA polymerases are extensively used in molecular biology 
experiments. 

Variation across species 

DNA polymerases have highly-conserved structure, which means that 
their overall catalytic subunits vary, on a whole, very little from species to species. Conserved structures usually 
indicate important, irreplicable functions of the cell, the maintenance of which provides evolutionary advantages. 

Some viruses also encode special DNA polymerases, such as Hepatitis B virus DNA polymerase. These may 
selectively replicate viral DNA through a variety of mechanisms. Retroviruses encode an unusual DNA polymerase 
called reverse transcriptase, which is an RNA-dependent DNA polymerase (RdDp). It polymerizes DNA from a 
template of RNA. 

DNA polymerase families 

Based on sequence homology, DNA polymerases can be further subdivided into seven different families: A, B, C, D, 
X, Y, and RT. 

Family A 

Polymerases contain both replicative and repair polymerases. Replicative members from this family include the 
extensively-studied T7 DNA polymerase, as well as the eukaryotic mitochondrial DNA Polymerase y. Among the 
repair polymerases are E. coli DNA pol I, Thermus aquaticus pol I, and Bacillus stearothermophilus pol I. These 
repair polymerases are involved in excision repair and processing of Okazaki fragments generated during lagging 
strand synthesis. 
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Family B 

Polymerases mostly contain replicative polymerases and include the major eukaryotic DNA polymerases a, 5, e, (see 
Greek letters) and also DNA polymerase £. Family B also includes DNA polymerases encoded by some bacteria and 
bacteriophages, of which the best-characterized are from T4, Phi29, and RB69 bacteriophages. These enzymes are 
involved in both leading and lagging strand synthesis during replication. A hallmark of the B family of polymerases 
is their highly faithful DNA synthesis during replication. While many have an intrinsic 3'-5' proofreading 
exonuclease activity, eukaryotic DNA polymerases a and t, are two examples of B family polymerases lacking this 
proofreading activity. 

Family C 

Polymerases are the primary bacterial chromosomal replicative enzymes. DNA Polymerase III alpha subunit from E. 
coli is the catalytic subunit [1] and possesses no known nuclease activity. A separate subunit, the epsilon subunit, 
possesses the 3'-5' exonuclease activity used for editing during chromosomal replication. Recent research has 
classified Family C polymerases as a subcategory of Family X. 

Family D 

Polymerases are still not very well characterized. All known examples are found in the Euryarchaeota subdomain of 
Archaea and are thought to be replicative polymerases. 

Family X 

Contains the well-known eukaryotic polymerase pol |3, as well as other eukaryotic polymerases such as pol a, pol X, 
pol [x, and terminal deoxynucleotidyl transferase (TdT). Pol |3 is required for short-patch base excision repair, a DNA 
repair pathway that is essential for repairing abasic sites. Pol X and Pol \i are involved in non-homologous 
end-joining, a mechanism for rejoining DNA double-strand breaks. TdT is expressed only in lymphoid tissue, and 
adds "n nucleotides" to double-strand breaks formed during V(D)J recombination to promote immunological 
diversity. The yeast Saccharomyces cerevisiae has only one Pol X polymerase, Pol4, which is involved in 
non-homologous end-joining. 

Family Y 

Polymerases differ from others in having a low fidelity on undamaged templates and in their ability to replicate 
through damaged DNA. Members of this family are hence called translesion synthesis (TLS) polymerases. 
Depending on the lesion, TLS polymerases can bypass the damage in an error-free or error-prone fashion, the latter 
resulting in elevated mutagenesis. Xeroderma pigmentosum variant (XPV) patients for instance have mutations in 
the gene encoding Pol r\ (eta), which is error-free for UV-lesions. In XPV patients, alternative error-prone 
polymerases, e.g., Pol^ (zeta) (polymerase £, is a B Family polymerase a complex of the catalytic subunit REV3L 
with Rev7, which associates with Revl ), are thought to be involved in mistakes that result in the cancer 
predisposition of these patients. Other members in humans are Pol i (iota), Pol k (kappa), and Revl (terminal 
deoxycytidyl transferase). In E.coli, two TLS polymerases, Pol IV (DINB) and PolV (UmuD' 2 C), are known. 
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Family RT 

The reverse transcriptase family contains examples from both retroviruses and eukaryotic polymerases. The 
eukaryotic polymerases are usually restricted to telomerases. These polymerases use an RNA template to synthesize 
the DNA strand. 

Prokaryotic DNA polymerases 

Bacteria have 5 known DNA polymerases: 

• Pol I: implicated in DNA repair; has 5'->3' (Polymerase) activity and both 3'->5' exonuclease (Proofreading) and 
5'->3' exonuclease activity (RNA Primer removal). 

• Pol II: involved in reparation of damaged DNA; has 3'->5' exonuclease activity. 

• Pol III: the main polymerase in bacteria (elongates in DNA replication); has 3'->5' exonuclease proofreading 
ability. 

• Pol IV: a Y-family DNA polymerase. 

• Pol V: a Y-family DNA polymerase; participates in bypassing DNA damage. 

Eukaryotic DNA polymerases 

Eukaryotes have at least 15 DNA Polymerases: 

• Pol a (synonyms are RNA primase, DNA polymerase): forms a complex with a small catalytic (PriS) and a large 
noncatalytic (PriL) subunit^ , with the Pri subunits acting as a primase (synthesizing an RNA primer), and then 
with DNA Pol a elongating that primer with DNA nucleotides. After around 20 nucleotides^ elongation is taken 
over by Pol £ (on the leading strand) and 5 (on the lagging strand). 

• Pol P: Implicated in repairing DNA, in base excision repair and gap-filling synthesis. 

• Pol y: Replicates and repairs mitochondrial DNA and has proofreading 3'->5' exonuclease activity. 

• Pol 5: Highly processive and has proofreading 3'->5' exonuclease activity. Thought to be the main polymerase 
involved in lagging strand synthesis, though there is still debate about its role [6] . 

• Pol e: Also highly processive and has proofreading 3'->5' exonuclease activity. Highly related to pol 6, and 
thought to be the main polymerase involved in leading strand synthesis , though there is again still debate about 
its role [6] . 

• r\, i, k, and Revl are Y-family DNA polymerases and Pol % is a B-family DNA polymerase. These polymerases 
are involved in the bypass of DNA damage. ^ 

• There are also other eukaryotic polymerases known, which are not as well characterized: 6, X, (p, o, and fi. 

None of the eukaryotic polymerases can remove primers (5'->3' exonuclease activity); that function is carried out by 
other enzymes. Only the polymerases that deal with the elongation (y, 5 and e) have proofreading ability (3'->5' 
exonuclease). 
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See also 

• Polymerase chain reaction 

• RNA polymerase 



External links 

• Burgers P, Koonin E, Bruford E et al. (2001). "Eukaryotic DNA polymerases: proposal for a revised 
nomenclature". J. Biol. Chem. 276 (47): 43487-90. doi:10.1074/jbc.R100056200 [9] . PMID 11579108 

• PDB Molecule of the Month pdb3_l [1 1] 

• Unusual repair mechanism in DNA polymerase lambda , Ohio State University, July 25, 2006. 

• MeSH DNA+polymerases [13] 

• EC 2.7.7.7 [14] 

• A great animation of DNA Polymerase from WEHI '- 15 -' 
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Reverse transcriptase 
(RNA-dependent DNA polymerase) 



Crystallographic structure of HIV reverse transcriptase where the P51 subunit is colored green and the P66 subunit is colored cyan. 
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In the fields of molecular biology and biochemistry, a reverse transcriptase, also known as RNA-dependent DNA 
polymerase, is a DNA polymerase enzyme that transcribes single-stranded RNA into double-stranded DNA. It also 
helps in the formation of a double helix DNA once the RNA has been reverse transcribed into a single strand cDNA. 
Normal transcription involves the synthesis of RNA from DNA; hence, reverse transcription is the reverse of this. 

Reverse transcriptase was discovered by Howard Temin at the University of Wisconsin— Madison, and independently 
by David Baltimore in 1970 at MIT. The two shared the 1975 Nobel Prize in Physiology or Medicine with Renato 
Dulbecco for their discovery. 

Well studied reverse transcriptases include: 

• HIV-1 reverse transcriptase from human immunodeficiency virus type 1 (PDB 1HMV ^ 159 ^) 

• M-MLV reverse transcriptase from the Moloney murine leukemia virus 

• AMV reverse transcriptase from the avian myeloblastosis virus 

• Telomerase reverse transcriptase that maintains the telomeres of eukaryotic chromosomes 



Function in viruses 

The enzyme is encoded and used by reverse-transcribing viruses, which use the enzyme during the process of 
replication. Reverse-transcribing RNA viruses, such as retroviruses, use the enzyme to reverse-transcribe their RNA 
genomes into DNA, which is then integrated into the host genome and replicated along with it. Reverse-transcribing 
DNA viruses, such as the hepadnaviruses, can allow RNA to serve as a template in assembling, and making DNA 
strands. HIV infects humans with the use of this enzyme. Without reverse transcriptase, the viral genome would not 
be able to incorporate into the host cell, resulting in the failure of the ability to replicate. Unlike bacteria, retroviruses 
use preexisting host-encoded transfer RNAs as primers. 

Process of reverse transcription 

Reverse transcriptase creates single stranded DNA from an RNA template. 

In virus species with reverse transcriptase lacking DNA-dependent DNA polymerase activity, creation of 
double-stranded DNA can possibly be done by host-encoded DNA polymerase 6, mistaking the viral DNA-RNA for 
a primer and synthesizing a double-stranded DNA by similar mechanism as in primer removal, where the newly 
synthesized DNA displaces the original RNA template. 

The process of reverse transcription is extremely error-prone and it is during this step that mutations may occur. 
Such mutations may cause drug resistance. 
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Process in class VI viruses 



Class VI viruses ssRNA-RT, also called the retroviruses are RNA 
reverse transcribing viruses with a DNA intermediate. Their 
genomes consist of two molecules of positive sense single 
stranded RNA with a 5' cap and 3' polyadenylated tail. Examples 
of retroviruses include Human Immunodeficiency Virus (HIV) and 
Human T-Lymphotropic virus (HTLV). Creation of 



double-stranded DNA occurs in the cytosol 
steps 
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A specific cellular tRNA acts as a primer and hybridizes to a 
complementary part of the virus genome called the primer 
binding site or PBS 

2. Complementary DNA then binds to the U5 (non-coding region) 
and R region (a direct repeat found at both ends of the RNA 
molecule) of the viral RNA 

3. A domain on the reverse transcriptase enzyme called RNAse H 
degrades the 5' end of the RNA which removes the U5 and R 
region 

4. The primer then jumps' to the 3' end of the viral genome and 
the newly synthesised DNA strands hybridizes to the 
complementary R region on the RNA 

5. The first strand of complementary DNA (cDNA) is extended 
and the majority of viral RNA is degraded by RNAse H 

6. Once the strand is completed, second strand synthesis is initiated from the viral RNA 

7. There is then another jump' where the PBS from the second strand hybridizes with the complementary PBS on 
the first strand 

8. Both strands are extended further and can be incorporated into the hosts genome by the enzyme integrase 

Creation of double-stranded DNA also involves strand transfer, in which there is a translocation of short DNA 
product from initial RNA dependent DNA synthesis to acceptor template regions at the other end of the genome, 
which are later reached and processed by the reverse transcriptase for its DNA-dependent DNA activity.' 161 -' 

Retroviral RNA is arranged in 5' terminus to 3' terminus. The site where the primer is annealed to viral RNA is 
called the primer-binding site (PBS). The RNA 5'end to the PBS site is called U5, and the RNA 3' end to the PBS is 
called the leader. The tRNA primer is unwound between 14 and 22 nucleotides and forms a base-paired duplex with 
the viral RNA at PBS. That PBS locates near the 5' terminus of viral RNA is unusual because reverse transcriptase 
synthesize DNA from 3' end of the primer in the 5' to 3' direction. Therefore, the primer and reverse transcriptase 
must be relocated to 3' end of viral RNA. In order to accomplish this reposition, multiple steps and various enzymes 
including DNA polymerase, ribonuclease H(RNase H) and polynucleotide unwinding are needed.' 162 ^ 

The HIV reverse transcriptase also has ribonuclease activity that degrades the viral RNA during the synthesis of 
cDNA, as well as DNA-dependent DNA polymerase activity that copies the sense cDNA strand into an antisense 



DNA to form a double-stranded viral DNA intermediate (vDNA). 



[163] 
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In eukaryotes 

Self-replicating stretches of eukaryotic genomes known as retrotransposons utilize reverse transcriptase to move 
from one position in the genome to another via a RNA intermediate. They are found abundantly in the genomes of 
plants and animals. Telomerase is another reverse transcriptase found in many eukaryotes, including humans, which 
carries its own RNA template; this RNA is used as a template for DNA replication/ 1641 [1651 



In prokaryotes 

Reverse transcriptases are also found in bacterial Retron msr RNAs, distinct sequences which code for reverse 
transcriptase, and are used in the synthesis of msDNA. In order to initiate synthesis of DNA, a primer is needed. In 
bacteria, the primer is synthesized during replication/ 1 ] 



Structure 

Reverse transcriptase enzymes include an RNA-dependent DNA polymerase and a DNA-dependent DNA 
polymerase, which work together to perform transcription. In addition to the transcription function, retroviral reverse 
transcriptases have a domain belonging to the RNase H family which is vital to their replication. 



Replication fidelity 

There are three different replication systems during the life cycle of a retrovirus. First of all, the reverse transcriptase 
synthesize viral DNA from viral RNA, and then from newly made complementary DNA strand. The second 
replication process occurs when host cellular DNA polymerase replicates the integrated viral DNA. Lastly, RNA 
polymerase II transcribes the proviral DNA into RNA which will be packed into virions. Therefore, mutation can 
occur during one or all of these replication steps/ 167 -' 

Reverse transcriptase has a high error rate when transcribing RNA into DNA since, unlike DNA polymerases, it has 
no proofreading ability. This high error rate allows mutations to accumulate at an accelerated rate relative to 
proofread forms of replication. The commercially available reverse transcriptases produced by Promega are quoted 
by their manuals as having error rates in the range of 1 in 17,000 bases for AMV and 1 in 30,000 bases for 
M-MLV [168] 
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Applications 



Antiviral drugs 

As HIV uses reverse transcriptase to copy its genetic material and 
generate new viruses (part of a retrovirus proliferation circle), 
specific drugs have been designed to disrupt the process and 
thereby suppress its growth. Collectively, these drugs are known 
as reverse transcriptase inhibitors and include the nucleoside and 
nucleotide analogues zidovudine (trade name Retrovir), 
lamivudine (Epivir) and tenofovir (Viread), as well as 
non-nucleoside inhibitors, such as nevirapine (Viramune). 



Molecular biology 

Reverse transcriptase is commonly used in research to apply the 
polymerase chain reaction technique to RNA in a technique called 
reverse transcription polymerase chain reaction (RT-PCR). The 
classical PCR technique can be applied only to DNA strands, but, 
with the help of reverse transcriptase, RNA can be transcribed into 

DNA, thus making PCR analysis of RNA molecules possible. Reverse transcriptase is used also to create cDNA 
libraries from mRNA. The commercial availability of reverse transcriptase greatly improved knowledge in the area 
of molecular biology, as, along with other enzymes, it allowed scientists to clone, sequence, and characterise DNA. 




N=N=N 



The molecular structure of zidovudine (AZT), a drug 
used to inhibit HIV reverse transcriptase 



History 

The idea of reverse transcription was very unpopular at first as it contradicted the central dogma of molecular 
biology which states that DNA is transcribed into RNA which is then translated into proteins. However, in 1970 
when the scientists Howard Temin and David Baltimore both independently discovered the enzyme responsible for 
reverse transcription, named reverse transcriptase, the possibility that genetic information could be passed on in this 
manner was finally accepted. 



See also 

• cDNA library 

• DNA polymerase 

• msDNA 

• Reverse transcribing virus 

• RNA polymerase 

• Telomerase 

• Retrotransposon marker 
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External links 

• MeSH RNA + Transcriptase 1 169] 

• animation of reverse transcriptase action and three reverse transcriptase inhibitors [170] 

• Molecule of the month [171] (September 2002) at the Protein Data Bank 

• HIV Replication 3D Medical Animation. (Nov 2008). Video by Boehringer Ingelheim. 
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Telomerase is an enzyme that adds DNA 
sequence repeats ("TTAGGG" in all 
vertebrates) to the 3' end of DNA strands in 
the telomere regions, which are found at the 
ends of eukaryotic chromosomes. The 
telomeres contain condensed DNA material, 
giving stability to the chromosomes. The 
enzyme is a reverse transcriptase that carries 
its own RNA molecule, which is used as a 
template when it elongates telomeres, which 
are shortened after each replication cycle. 
The existence of a compensatory shortening 
of telomere (telomerase) mechanism was 
first predicted by Soviet biologist Alexey 

Olovnikov in 1973^ , who also suggested A conceptual diagram showing the protein component of telomerase (TERT) in 

the Telomere hypothesis of ageing and the ^ and the RNA component (TR) in yellow. 

Telomere relations to cancer. Telomerase 

[21 

was discovered by Carol W. Greider and Elizabeth Blackburn in 1985 in the ciliate Tetrahymena. Together with 
Jack W. Szostak, Greider and Blackburn were awarded the 2009 Nobel Prize in Physiology or Medicine for their 
discovery.^ There are some indicators that telomerase is of retroviral origin. ^ 




Structure 

The protein composition of human telomerase was identified in 2007 by Scott Cohen and his team at the Children's 
Medical Research Institute in Australia. It consists of two molecules each of human Telomerase Reverse 
Transcriptase (TERT), Telomerase RNA (TR or TERC), and dyskerin(DKCl).^ The genes of telomerase subunits, 
which are TERT, [6] TERC, [7] DKC1, [8] and TEP1 [9] etc, are located on the different chromosomes in human 
genome. Human TERT gene(hTERT) is translated into a protein of 1132 amino acids J 10 ^ TERT proteins are 
sequenced in many eukaryotes^ 11 ^ . TERT polypeptide folds with TERC, a non-coding RNA (451 nucleotides long in 
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human). TERT has a 'mitten' structure that allows it to wrap around the chromosome to add single-stranded telomere 
repeats. 

TERT is a reverse transcriptase, which is a class of enzyme that creates single-stranded DNA using single-stranded 
RNA as a template. Enzymes of this class (not TERT specifically, but the ones isolated from viruses) are utilized by 
scientists in the molecular biological process of Reverse Transcriptase PCR (RT-PCR), which allows the creation of 
several DNA copies of a target sequence using RNA as a template. As stated above, TERT carries its own template 
around, TERC. 

The high-resolution protein structure of the Tribolium castaneum catalytic subunit of telomerase TERT was decoded 

ri2i 

in 2008 by Emmanuel Skordalakes and his team at The Wistar Institute in Philadelphia. The structure revealed 
that the protein consists of four conserved domains (RNA-Binding Domain (TRBD), fingers, palm and thumb), 
organized into a ring configuration that shares common features with retroviral reverse transcriptases, viral RNA 
polymerases and bacteriophage B-family DNA polymerases. 

Function 

By using TERC, TERT can add a six-nucleotide repeating sequence, 5'-TTAGGG (in all vertebrates, the sequence 

differs in other organisms) to the 3' strand of chromosomes. These TTAGGG repeats (with their various protein 

ri3i 

binding partners) are called telomeres. The template region of TERC is 3'-CAAUCCCAAUC-5'. L1JJ This way, 
telomerase can bind the first few nucleotides of the template to the last telomere sequence on the chromosome, add a 
new telomere repeat (5'-GGTTAG-3') sequence, let go, realign the new 3'-end of telomere to the template, and repeat 
the process. (For an explanation on why this elongation is necessary see Telomere shortening.) 

Clinical implications 

Aging 

The enzyme telomerase allows for replacement of short bits of DNA known as telomeres, which are otherwise 
shortened when a cell divides via mitosis. 

In normal circumstances, without the presence of telomerase, if a cell divides recursively, at some point all the 
progeny will reach their Hayflick limit. [14] With the presence of telomerase, each dividing cell can replace the lost 
bit of DNA, and any single cell can then divide unbounded. While this unbounded growth property has excited many 
researchers, caution is warranted in exploiting this property, as exactly this same unbounded growth is a crucial step 
in enabling cancerous growth. 

Embryonic stem cells express telomerase, which allows them to divide repeatedly and form the individual. In adults, 
telomerase is highly expressed in cells that need to divide regularly (e.g., in the immune system), whereas most 
somatic cells express it only at very low levels in a cell-cycle-dependent manner. 

A variety of premature aging syndromes are associated with short telomeres. [15] These include Werner syndrome, 
Ataxia telangiectasia, Bloom syndrome, Fanconi anemia, Nijmegen breakage syndrome, and ataxia 
telangiectasia-like disorder. The genes that have been mutated in these diseases all have roles in the repair of DNA 
damage, and their precise roles in maintaining telomere length are an active area of investigation. While it is 
currently unknown to what extent telomere erosion contributes to the normal aging process, maintenance of DNA in 
general and telomeric DNA, to be specific, have emerged as major players. Dr. Michael Fossel has suggested in an 
interview [16] that telomerase therapies may be used not only to combat cancer but also to actually get around human 
aging and extend lifespan significantly. He believes human trials of telomerase-based therapies for extending 
lifespan will occur within the next 10 years. This timeline is significant because it coincides with the retirement of 
Baby Boomers in the United States and Europe. 
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Some experiments have raised questions on whether telomerase can be used as an anti-aging therapy, namely, the 

fact mice with elevated levels of telomerase have higher cancer incidence and hence do not live longer. In addition, 

although certain premature aging syndromes have been associated with telomere shortening, mice without active 

telomerase do not appear to suffer from premature aging. Telomerase also favors tumorogenesis, leading to questions 

ri7i 

about its potential as an anti-aging therapy. On the other hand, one study showed that activating telomerase in 

ri on 

cancer-resistant mice by overexpressing its catalytic subunit extended lifespan. The potential remains for 
telomerase activators to contribute to the development of cancer. 

Since 2007, several compounds have been discovered that cause somatic cells to express higher levels of telomerase 

than usual. In April 2007, Geron Corporation licensed New York-based company TA Sciences to conduct human 

ri9i 

trials on a molecule called TA-65, a derivative of Astragalus propinquus, that acts as telomerase activator. In 
November 2007, Sierra Sciences announced that they had discovered a compound called C0057684 that causes the 
expression of even higher levels of telomerase activity in somatic cells' ^ and, in 2009, announced that they had 
discovered an additional 62 compounds that cause telomerase activation. 

A study in 2009, which focused on Ashkenazi Jews, found that those that live the longest inherit a hyperactive 

T221 

version of telomerase that rebuilds telomeres. 



Cancer 

When cells are approaching the Hayflick limit in cell cultures, the time to senescence can be extended by the 
inactivation of the tumor suppressor proteins - TP53 and Retinoblastoma protein (pRb). Cells that have been 
so-altered will eventually undergo an event termed a "crisis" when the majority of the cells in the culture die. 
Sometimes, a cell does not stop dividing once it reaches crisis. In a typical situation, the telomeres are lost, and the 
integrity of the chromosomes declines with every subsequent cell division. Exposed chromosome ends are 
interpreted as double-stranded breaks (DSB) in DNA; such damage is usually repaired by reattaching (religating) the 
broken ends together. When the cell does this due to telomere-shortening, the ends of different chromosomes can be 
attached together. This temporarily solves the problem of lacking telomeres; but, during anaphase of cell division, 
the fused chromosomes are randomly ripped apart, causing many mutations and chromosomal abnormalities. As this 
process continues, the cell's genome becomes unstable. Eventually, either sufficient damage will be done to the cell's 
chromosomes such that cell dies (via programmed cell death, apoptosis), or an additional mutation that activates 
telomerase will take place. 

With the activation of telomerase, some types of cells and their offspring become immortal, that is, their 
chromosomes will not become unstable no matter how many cell divisions they undergo (they bypass the Hayflick 
limit), thus avoiding cell death as long as the conditions for their duplication are met. Many cancer cells are 
considered 'immortal' because telomerase activity allows them to divide virtually forever, which is why they can 
form tumors. A good example of cancer cells' immortality is HeLa cells, which have been used in laboratories as a 
model cell line since 1951. They are indeed immortal - daily production of HeLa cells is estimated at several tons 
even up to this day. 

While this method of modeling human cancer in cell culture is effective and has been used for many years by 
scientists, it is also very imprecise. The exact changes that allow for the formation of the tumorigenic clones in the 
above-described experiment are not clear. Scientists have subsequently been able to address this question by the 
serial introduction of several mutations present in a variety of human cancers. This has led to the elucidation of 
several combinations of mutations that are sufficient for the formation of tumorigenic cells, in a variety of cell types. 
While the combination varies depending on the cell type, a common theme is that the following alterations are 
required: activation of TERT, loss of p53 pathway function, loss of pRb pathway function, activation of the Ras or 
myc proto-oncogenes, and aberration of the PP2A protein phosphatase. That is to say, the cell has an activated 
telomerase, eliminating the process of death by chromosome instability or loss, absence of apoptosis-induction 
pathways, and continued activation of mitosis. 
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This model of cancer in cell culture accurately describes the role of telomerase in actual human tumors. Telomerase 

activation has been observed in -90% of all human tumors, suggesting that the immortality conferred by telomerase 

T231 

plays a key role in cancer development. Of the tumors that have not activated TERT, most have found a separate 
pathway to maintain telomere length termed ALT (Alternative Lengthening of Telomeres)/ 24 ^ The exact mechanism 
behind telomere maintenance in the ALT pathway has not been elucidated, but likely involves multiple 
recombination events at the telomere. 



Additional roles in cancer, heart disease, and a socioeconomic and quality of life aspect 

Additional roles for telomerase per work by Elizabeth Blackburn et al, include the upregulation of 70 genes known 
or suspected in cancers' growth and spread through the body, and the activation of glycolysis, which enables cancer 
cells to rapidly use sugar to facilitate their programmed growth rate.(roughly the growth rate of a fetus) 

E. V. Gostjeva et al. (MIT) recently imaged colon cancer stem cells and compared them to fetal colon stem cells 
trying to make a new colon; they were the same. 

Elizabeth Blackburn et al. UCSF has shown work that reveals that mothers caring for their very sick children have 
shorter telomeres when they report that their emotional stress is at the greatest point. She also found telomerase 
active at the site of blockages in coronary artery tissue. This could be why heart attacks can come on so suddenly: 
Telomerase is driving the growth of the blockage. 

T251 

Other work has shown that the poor of society have shorter telomeres than the rich. Short telomeres can lead to 
telomeric crisis and the initiation of cancer if many other conditions are also met, or so the discussion goes at this 
point. 

Blackburn and the two other co-discoverers of telomerase won the Lasker Award (2006), and the Nobel Prize (2009) 
for the discovery of telomerase and subsequent work on telomerase. Blackburn also won the 2006 Gruber Genetics 
Prize for same. 



Role in other human diseases 

Mutations in TERT have been implicated in predisposing patients to aplastic anemia, a disorder in which the bone 
marrow fails to produce blood cells, in 2005. [26] 

Cri du chat Syndrome (CdCS) is a complex disorder involving the loss of the distal portion of the short arm of 
chromosome 5. TERT is located in the deleted region, and loss of one copy of TERT has been suggested as a cause 
or contributing factor of this disease. 

Dyskeratosis congenita (DC) is a disease of the bone marrow that can be caused by some mutations in the telomerase 
subunits. In the DC cases, about 35% cases are X-linked-recessive on the DKC1 locus and 5% cases are 
autosomal dominant on the TERT^ and TERC^ loci. 

Patients with DC have severe bone marrow failure manifesting as abnormal skin pigmentation, leucoplakia (a white 
thickening of the oral mucosa), and nail dystrophy, as well as a variety of other symptoms. Individuals with either 
TERC or DKC1 mutations have shorter telomeres and defective telomerase activity in vitro than other individuals of 

»u [32] 

the same age. 

There has also been one family in which autosomal dominant DC has been linked to a heterozygous mutation in 
TERT. These patients also exhibited an increased rate of telomere-shortening, and genetic anticipation (i.e., the 
DC phenotype worsened with each generation). 
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Telomerase as a potential drug target 

Cancer is a very difficult disease to fight because the immune system has trouble recognizing it, and cancer cells are 
immortal; they will always continue dividing. Because telomerase is necessary for the immortality of so many cancer 
types, it is thought to be a potential drug target. If a drug can be used to turn off telomerase in cancer cells, the above 
process of telomere-shortening will resume — telomere length will be lost as the cells continue to divide, mutations 
will occur, and cell stability will decrease. Experimental drug and vaccine therapies targeting active telomerase have 
been tested in mouse models, and some have now entered early clinical trials. Geron Corporation is currently 
conducting four human clinical trials involving telomerase inhibition and telomerase vaccination. Merck, as a 
licensee of Geron, has recent approval of an IND for one vaccine type. The vaccine platform is being tested (and 
now jointly with Merck) using three different approaches. One vaccine is adenovirus/plasmid based (Merck IND). 
The second is an autologous dendritic cell based vaccine (GRNVAC1), formerly called TV AX when tested in Phase 
I clinical trials in Prostate Cancer, and it showed significant PSA doubling times as well as T-cell response. Geron's 
embryonic stem cell derived dendritic cell vaccine targeting telomerase is the third approach and is currently at the 
pre-clinical stage. These vaccine methods attempt to teach the human immune system to attack cancer cells 
expressing telomerase. Geron's telomerase inhibitor drug (GRN163L) attempts to stop cancer cell proliferation by 
inhibiting telomerase and it is in three separate early stage human clinical trials. Indeed, telomerase inhibition in 
many types of cancer cells grown in culture has led to the massive death of the cell population. However, a variety of 
caveats, including the presence of the ALT pathway/ 23 -' ^ complicate such therapies. Some have reported ALT 
methods of telomere maintenance and storage of DNA in cancer stem cells, however Geron claims to have killed 
cancer stem cells with their telomerase inhibitor GRN163L at Johns Hopkins. GRN163L binds directly to the RNA 
template of telomerase. Even a mutation of the RNA template of telomerase would render the telomerase unable to 
extend telomeres, and therefore not be able to grant replicative immortality to cancer, not allow glycolysis to be 
inititated, and not upregulate Blackburn's 70 cancer genes. Since Blackburn has shown that most of the harmful 
cancer-related effects of telomerase are dependent on an intact RNA template, it seems a very worthwhile target for 
drug development. If indeed some cancer stem cells use an alternative method of telomere maintenance, it should be 
noted that they are still killed when the RNA template of telomerase is blocked. According to Blackburn's opinion at 
most of her lectures, it is a big mistake to think that telomerase is involved with only extending telomeres. Stopping 
glycolysis in cancer stem cells and preventing the upregulation of 70 bad genes is probably what is killing cancer 
stem cells if they are using alternative methods. 



See also 

• DNA repair 



External links 

• T.A. Sciences live Q&A Event on Telomere Video on Demand event ^ 

• The Telomerase Database - A Web-based tool for telomerase research. 

• Three-dimensional model of telomerase ^ at MUN 
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• Telomeres and Telomerase: Their Implications in Human Health and Disease on-line lecture by Elizabeth 
Blackburn 

• MeSH Telomerase [37] 

• MD offering Telomerase-based therapies. [38] 
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PubMed search 


[32] 
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Telomerase reverse transcriptase (abbreviated to TERT, or hTERT in humans) is a catalytic subunit of the 

T341 

enzyme telomerase. Its absence (usually as a result of a chromosomal mutation) is associated with the disorder 
Criduchat. [35][36] 

Telomerase is a ribonucleoprotein polymerase that maintains telomere ends by addition of the telomere repeat 
TTAGGG. The enzyme consists of a protein component with reverse transcriptase activity, encoded by this gene, 
and an RNA component which serves as a template for the telomere repeat. Telomerase expression plays a role in 
cellular senescence, as it is normally repressed in postnatal somatic cells resulting in progressive shortening of 
telomeres. Deregulation of telomerase expression in somatic cells may be involved in oncogenesis. Studies in mice 
suggest that telomerase also participates in chromosomal repair, since de novo synthesis of telomere repeats may 
occur at double-stranded breaks. Alternatively spliced variants encoding different isoforms of telomerase reverse 

transcriptase have been identified; the full-length sequence of some variants has not been determined. Alternative 

[371 

splicing at this locus is thought to be one mechanism of regulation of telomerase activity. 



Interactions 

Telomerase reverse transcriptase has been shown to interact with Ku7()J 38 ^ YWHAQ/ 39 ^ NucleolinJ 40 ^ Ku80,' 
Heat shock protein 90kDa alpha (cytosolic), member Al, [41] [42] MCRS1 [43] and PINX1. [44] 
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• telomerase 

• reverse transcriptase 
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DNA computing 

DNA computing is a form of computing which uses DNA, biochemistry and molecular biology, instead of the 
traditional silicon-based computer technologies. DNA computing, or, more generally, molecular computing, is a fast 
developing interdisciplinary area. Research and development in this area concerns theory, experiments and 
applications of DNA computing. 



History 

This field was initially developed by Leonard Adleman of the University of Southern California, in 1994.^ Adleman 
demonstrated a proof-of-concept use of DNA as a form of computation which solved the seven-point Hamiltonian 
path problem. Since the initial Adleman experiments, advances have been made and various Turing machines have 
been proven to be constructible. 

In 2002, researchers from the Weizmann Institute of Science in Rehovot, Israel, unveiled a programmable molecular 
computing machine composed of enzymes and DNA molecules instead of silicon microchips. [4] On April 28, 2004, 
Ehud Shapiro, Yaakov Benenson, Binyamin Gil, Uri Ben-Dor, and Rivka Adar at the Weizmann Institute announced 
in the journal Nature that they had constructed a DNA computer/ ^ This was coupled with an input and output 
module and is capable of diagnosing cancerous activity within a cell, and then releasing an anti-cancer drug upon 
diagnosis. 



Capabilities 

DNA computing is fundamentally similar to parallel computing in that it takes advantage of the many different 
molecules of DNA to try many different possibilities at once. [6] 

DNA computing also offers much lower power consumption than traditional silicon computers. DNA uses adenosine 

triphosphate (ATP) as fuel to allow ligation or as a means to heat the strand to cause disassociation. Both strand 

hybridization and the hydrolysis of the DNA backbone can occur spontaneously, powered by the potential energy 

— 19 

stored in DNA. Consumption of two ATP molecules releases 1.5 x 10 J. Even with a large number of transitions 
per second using two ATP molecules, power output is still low. For instance, Kahan reports 109 transitions per 
second with an energy consumption of 10 _1 W, ^ and similarly Shapiro reports a system producing 7.5 x 10 U 
outputs in 4000 sec resulting in an energy consumption rate of ~ 10~ 10 W. [9] 

For certain specialized problems, DNA computers are faster and smaller than any other computer built so far. But 
DNA computing does not provide any new capabilities from the standpoint of computability theory, the study of 
which problems are computationally solvable using different models of computation. For example, if the space 
required for the solution of a problem grows exponentially with the size of the problem (EXPSPACE problems) on 
von Neumann machines, it still grows exponentially with the size of the problem on DNA machines. For very large 
EXPSPACE problems, the amount of DNA required is too large to be practical. (Quantum computing, on the other 
hand, does provide some interesting new capabilities). 

DNA computing overlaps with, but is distinct from, DNA nanotechnology. The latter uses the specificity of 
Watson-Crick basepairing and other DNA properties to make novel structures out of DNA. These structures can be 
used for DNA computing, but they do not have to be. Additionally, DNA computing can be done without using the 
types of molecules made possible by DNA nanotechnology. 
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Methods 

There are multiple methods for building a computing device based on DNA, each with its own advantages and 
disadvantages. Most of these build the basic logic gates (AND, OR, NOT) associated with digital logic from a DNA 
basis. Some of the different bases include DNAzymes, deoxyoligonucleotides, enzymes, DNA tiling, and 
polymerase chain reaction. 

DNAzymes 

Catalytic DNA (deoxyribozyme or DNAzyme) catalyze a reaction when interacting with the appropriate input, such 
as a matching oligonucleotide. These DNAzymes are used to build logic gates analogous to digital logic in silicon; 
however, DNAzymes are limited to 1-, 2-, and 3-input gates with no current implementation for evaluating 
statements in series. 

The DNAzyme logic gate changes its structure when it binds to a matching oligonucleotide and the fluorogenic 
substrate it is bonded to is cleaved free. While other materials can be used, most models use a fluorescence -based 
substrate because it is very easy to detect, even at the single molecule limit. ^ The amount of fluorescence can then 
be measured to tell whether or not a reaction took place. The DNAzyme that changes is then "used," and cannot 
initiate any more reactions. Because of this, these reactions take place in a device such as a continuous stirred-tank 
reactor, where old product is removed and new molecules added. 

Two commonly used DNAzymes are named E6 and 8-17. These are popular because they allow cleaving of a 
substrate in any arbitrary location/ 1 1] Stojanovic and MacDonald have used the E6 DNAzymes to build the MAYA 
I [12] and MAYA II [13] machines, respectively; Stojanovic has also demonstrated logic gates using the 8-17 
DNAzyme/ 14 -' While these DNAzymes have been demonstrated to be useful for constructing logic gates, they are 
limited by the need for a metal cofactor to function, such as Zn 2+ or Mn 2+ , and thus are not useful in vivo/ 10 -' '- 15 -' 

Enzymes 

Enzyme based DNA computers are usually of the form of a simple Turing machine; there is analogous hardware, in 
the form of an enzyme, and software, in the form of DNA. ^ 

ri7i 

Shapiro has demonstrated a DNA computer using the Fokl enzyme and expanded on his work by going on to 
show automata that diagnose and react to prostate cancer: under expression of the genes PPAP2B and GSTP1 and an 
over expression of PIM1 and HPN. [5] His automata evaluated the expression of each gene, one gene at a time, and on 

positive diagnosis then released a single strand DNA molecule (ssDNA) that is an antisense for MDM2. MDM2 is a 

n 8i 

repressor of protein 53, which itself is a tumor suppressor. On negative diagnosis it was decided to release a 
suppressor of the positive diagnosis drug instead of doing nothing. A limitation of this implementation is that two 
separate automata are required, one to administer each drug. The entire process of evaluation until drug release took 

around an hour to complete. This method also requires transition molecules as well as the Fokl enzyme to be present. 

ri9i 

The requirement for the Fokl enzyme limits application in vivo, at least for use in "cells of higher organisms". It 
should also be pointed out that the 'software' molecules can be reused in this case. 
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Examples 

• MAYA II 

• Computational Genes 



See also 

• Biocomputers 

• Computational gene 

• Molecular electronics 

• Peptide computing 

• Parallel computing 

• Quantum computing 



Further reading 

• Martyn Amos (June 2005). Theoretical and Experimental DNA Computation ' 20 l Springer. ISBN 3-540-65773-8. 
— The first general text to cover the whole field. 

• Gheorge Paun, Grzegorz Rozenberg, Arto Salomaa (October 1998). DNA Computing - New Computing 
Paradigms. Springer-Verlag. ISBN 3-540-64196-3. — The book starts with an introduction to DNA-related 
matters, the basics of biochemistry and language and computation theory, and progresses to the advanced 
mathematical theory of DNA computing. 

• JB. Waldner (January 2007). Nanocomputers and Swarm Intelligence. ISTE. pp. 189. ISBN 2746215160. 



External links 

T211 

How Stuff Works explanation 
Physics Web [22] 
Ars Technica [23] 

NY Times DNA Computer for detecting Cancer [24] 

T251 

Bringing DNA computers to life, in Scientific American 
Japanese Researchers store information in bacteria DNA ^ 26 ^ 
International Meeting on DNA Computing and Molecular Programming 
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DNA nanotechnology 



Part of a series of articles on 

Molecular self-assembly 

Self-assembled monolayer 
Supramolecular assembly 
DNA nanotechnology 

See also 
Nanotechnology 

DNA nanotechnology is a subfield of nanotechnology which seeks to use the unique molecular recognition 
properties of DNA and other nucleic acids to create novel, controllable structures out of DNA. The DNA is thus used 
as a structural material rather than as a carrier of genetic information, making it an example of bionanotechnology. 
This has possible applications in molecular self-assembly and in DNA computing. 

DNA nanotechnology is that branch of one,which deals with the study and application of molecular recognition 
properties of DNA and other nucleic acids to create controllable structures out of them for computing and assembly. 

Introduction: DNA crossover molecules 
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Structure of the 4-arm junction. 

Left: A schematic. Right: A more realistic model. 

Each of the four separate DNA single strands are shown in different colors. 
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DNA nanotechnology makes use of branched DNA structures to create DNA complexes 
with useful properties. DNA is normally a linear molecule, in that its axis is unbranched. 
However, DNA molecules containing junctions can also be made. For example, a 
four-arm junction can be made using four individual DNA strands which are 
complementary to each other in the correct pattern. Due to Watson-Crick base pairing, 
only portions of the strands which are complementary to each other will attach to each 
other to form duplex DNA. This four-arm junction is an immobile form of a Holliday 
junction. 

Junctions can be used in more complex molecules. The most important of these is the 
"double-crossover" or DX motif. Here, two DNA duplexes lie next to each other, and 
share two junction points where strands cross from one duplex into the other. This 
molecule has the advantage that the junction points are now constrained to a single 
orientation as opposed to being flexible as in the four-arm junction. This makes the DX 



motif suitible as a structural building block for larger DNA complexes. 



[31 




A double-crossover (DX) 
molecule. This molecule 
consists of five DNA single 

strands which form two 
double-helical domains, on 
the left and the right in this 

image. There are two 
crossover points where the 

strands cross from one 

domain into the other. 
Image from Mao, 2004. [2] 



Tile-based arrays 




Assembly of a DX array. Each bar represents a 
double-helical domain of DNA, with the shapes 
representing complimentary sticky ends. The DX 
molecule at top will combine into the two-dimensional 
DNA array shown at bottom. Image from Mao, 2004. 
[2] 



DX arrays 

DX, Double , molecules can be equipped with sticky ends in order 
to combine them into a two-dimenstional periodic lattice. Each 
DX molecule has four termini, one at each end of the two 
double-helical domains, and these can be equipped with sticky 
ends that program them to combine into a specific pattern. More 
than one type of DX can be used which can be made to arrange in 
rows or any other tessellated pattern. They thus form extended flat 
sheets which are essentially two-dimensional crystals of DNA. ^ 

DNA nanotubes 

In addition to flat sheets, DX arrays have been made to form 
hollow tubes of 4-20 nm diameter. These DNA nanotubes are 
somewhat similar in size and shape to carbon nanotubes, but the 
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carbon nanotubes are stronger and better conductors, whereas the DNA nanotubes are more easily modified and 
connected to other structures. [5] 

Other tile arrays 

Two-dimensional arrays have been made out of other motifs as well, including the Holliday junction rhombus array 

as well as various DX-based arrays in the shapes of triangles and hexagons.^ Another motif, the six-helix bundle, 

F71 

has the ability to form three-dimensional DNA arrays as well. 

DNA origami 

An alternative to the tile-based approach, two-dimensional DNA structures can be made from a single, long DNA 
strand of arbitrary sequence which is folded into the desired shape by using shorter, "staple" strands. This allows the 
creation of two-dimensional shapes at the nanoscale using DNA. Demonstrated designs have included the smiley 
face and a coarse map of North America. DNA origami was the cover story of Nature on March 15, 2006. [8] 

DNA polyhedra 

A number of three-dimensional DNA molecules have been made which have the connectivity of a polyhedron such 
as an octahedron or cube. In other words, the DNA duplexes trace the edges of a polyhedron with a DNA junction at 
each vertex. The earliest demonstrations of DNA polyhedra involved multiple ligations and solid-phase synthesis 
steps to create catenated polyhedra. More recently, there have been demonstrations of a DNA truncated octahedron 
made from a long single strand designed to fold into the correct conformation, as well as a tetrahedron which can be 
produced from four DNA strands in a single step. 1 - 91 

DNA nanomechanical devices 

DNA complexes have been made which change their conformation upon some stimulus. These are intended to have 
applications in nanorobotics. One of the first such devices, called "molecular tweezers," changes from an open to a 
closed state based upon the presence of control strands. 

DNA machines have also been made which show a twisting motion. One of these makes use of the transition 
between the B-DNA and Z-DNA forms to respond to a change in buffer conditions. Another relies on the presence 
of control strands to switch from a paranemic -crossover (PX) conformation to a double -junction (JX2) 
conformation.^ 
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Stem Loop Controllers 

A design called a stem loop, consisting of a single strand of DNA which has a loop at an end, are a dynamic structure 
that opens and closes when a piece of DNA bonds to the loop part. This effect has been exploited to create several 
logic gates. ^ ^ ^ These logic gates have been used to create the computers MAYA I and MAYA II which can play 

ri3i 

tick-tac-toe to some extent. 



Applications 



Algorithmic self-assembly 

DNA nanotechnology has been applied to 
the related field of DNA computing. A DX 
array has been demonstrated whose 
assembly encodes an XOR operation, which 
allows the DNA array to implement a 
cellular automaton which generates a fractal 
called the Sierpinski gasket. This shows that 
computation can be incorporated into the 
assembly of DNA arrays, increasing its 
scope beyond simple periodic arrays. 

Note that DNA computing overlaps with, 
but is distinct from, DNA nanotechnology. 
The latter uses the specificity of 
Watson-Crick basepairing to make novel 
structures out of DNA. These structures can 
be used for DNA computing, but they do not 
have to be. Additionally, DNA computing 
can be done without using the types of 
molecules made possible by DNA 



Nanotechnology 



[15] 



Nanoarchitecture 

The idea of using DNA arrays to template 
the assembly of other functional molecules 
has been around for a while, but only 
recently has progress been made in reducing 
these kinds of schemes to practice. In 2006, 
researchers covalently attached gold 
nanoparticles to a DX -based tile and showed 
that self-assembly of the DNA structures 
also assembled the nanoparticles hosted on 
them. A non-covalent hosting scheme was 
shown in 2007, using Dervan polyamides on 
a DX array to arrange streptavidin proteins 




The Sierpinski gasket. 






DNA arrays that display a representation of the Sierpinski gasket on their surfaces. 
Click the image for further details. Image from Rothemund et at, 2004. [14] 



on specific kinds of tiles on the DNA array 



[16] 



created on a 4x4 DX array using streptavidin. 



Previously in 2006 LaBean demonstrated the letters "D" "N" and "A" 

[17] 
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DNA has also been used to assemble a single walled carbon nanotube Field-effect transistor. 

See also 

• Mechanical properties of DNA 

External links 

ri9i 

• Nanohedron.com images of DNA self assemblies 

• J0rgen Kjems lab at Aarhus University [20] 

• Thom LaBean lab at Duke University [21] 

• Dan Luo lab at Cornell University [22] 

• Chengde Mao page at Purdue University [23] 

• John Reif lab at Duke University [24] 

• Nadrian Seeman lab at NYU [25] 

• William M. Shih lab at Harvard Medical School [26] 

• Andrew Turberfield lab at Oxford University [27] 

• Erik Winfree lab at Caltech [28] 

• Hao Yan lab at Arizona State University [29] 

• Bernard Yurke formerly at Bell Labs [30] now at Boise State University [31] 

• Software for 3D DNA design, modeling and/or simulation: 

T321 

• Ascalaph Designer 

• caDNAno [33] 

• GIDEON [34] 

[35] 

• NanoEngineer-1 

• International Society for Nanoscale Science, Computation and Engineering [36] 
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Quantum evolution (alternative) 

Quantum evolution is the hypothesis that genetic mutation can be adaptive, or directed through quantum effects.^ 

It should not be confused with quantum evolution, a theory related to the modern evolutionary synthesis. The first 

[21 

publication on this subject, which appeared in a peer review journal, is by Vasily Ogryzko . Biologist Johnjoe 

[3] 

McFadden and the physicist Jim Al-Khalili subsequently published their own theory in 1999 in which they 
proposed a mechanism based on enhanced decoherence of quantum states that interact strongly with the 
environment. McFadden published his book "Quantum Evolution" in 2000. [1] 



Background 

The "classical" Darwinian model of the evolution of cells is based on a mechanism whereby cells individually 
undergo mutation, with the process of natural selection then culling out those mutations which are less beneficial to 
the organism. Quantum evolution is an attempt to provide a theoretical mechanism which would skew these 
random mutations in favor of some outcome beneficial to the cell. 

It should be stated at the outset that this theory would only be useful if indeed there were evidence that some sort of 
adaptive mutation occurs - in other words, if there were experimental data showing that the classical model of 
random mutation is lacking, and that certain mutations are "preferred" (occur more frequently) because they confer a 
greater benefit to the organism. This is in and of itself a controversial subject; as a plethora of papers have been 
published on the enigmatic phenomenon of adaptive mutation and the issue of their origin and mechanism remains 
unresolved. To date there is no such generally accepted explanation of the mechanism of adaptive mutation although 
most experimentalists would favour a process of random mutation accompanied by recombination and/or selection. 

The mechanism proposed by quantum evolution is to imagine that the configuration of DNA in a cell is held in a 
quantum superposition of states, and that "mutations" occur as a result of a collapse of the superposition into the 
"best" configuration for the cell. The proponents of this approach liken the operation of DNA to the operation of a 
quantum computer, which selects one from a multitude of possible outcomes. 

Several problems need to be overcome for this theory to be consistent with our current knowledge of quantum 
physics. Most importantly, the state of quantum superposition must last long enough to allow the DNA to do its 
normal job (produce RNA); otherwise, there would be no way for a comparison of the various outcomes of various 
mutations to occur, and thus no basis for the system to "decide" which mutations are more useful. Protein formation 
occurs at a rate of on the order of 10,000 times a second (10 -5 seconds per protein formed). However, DNA is not 
translated directly into protein, instead DNA is transcribed into a messenger RNA and this RNA copy is then used 
for protein biosynthesis. A gene is therefore never directly linked to its protein product, making any possible 
mechanism for how a signal could be transmitted from a protein to the DNA that encodes it hard to imagine. 
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Although some have, by analogy to the technique of NMR imaging, posed state coherence times as long as half a 

second, [1] this analysis has been challenged' 4 ^ (but see also McFadden and Al-Khalili's rebuttal [5] ) and coherence 
— 13 

times on the order of 10 seconds seems to be a much more realistic outcome. This latter time would be far too 
short by many orders of magnitude for the protein formation required for a superposition of quantum states to affect 
mutations. 

However recent evidence indicates that quantum coherence of electrons and protons does indeed occur in some 
(maybe all) enzyme reactions in living cells, such as those involved in photosynthesis ^ and may even be 
responsible for the huge catalytic enhancement of reaction rates provided by enzymes 

If the theory of quantum evolution were indeed true, one could further speculate that a similar, more robust process 
could explain observed phenomena such as the apparent "jumps" in the fossil record as adaptive mutations on an 
even larger scale; this would require even longer periods of state coherence than those described by McFadden et 
al. yet this has not been proposed by any of the advocates of quantum evolution who have limited their 
speculations to molecular processes. 

A different critique on quantum evolution can be made by asking why, if the cell can make use of quantum 
superpositions, it's not used for more purposes? Our immune system contains "general" agents that attack anything 
foreign and "specialised" ones (antibodies) that bind to specific proteins on specific bacteria. The latter must be made 
on demand. But why not use quantum superpositions to immediately attack the bacteria with every conceivable 
antibody at the same time and select the one that works? The answer is likely to be that more complex systems (than 
single protons in DNA or electrons and protons in enzymes) cannot be maintained in quantum coherent states for 
long enough to have biological significance. 

Science fiction writer Greg Egan, in his book Teranesia, posited a similar mechanism, whereby large adaptive 
mutations occur in multiple species under the aggressive quantum mechanical influence of a new protein. 



Controversy 

A primer on quantum mechanics (such as from David J. Griffiths' "Introduction to Quantum Mechanics") suggests 
that the very notion of having a molecule choose a state over all others purely based on what an exterior system, with 
no simultaneous effects on said molecule, is completely contrary to how quantum mechanics works. Quantum 
mechanical states are dependent on things like energy and other physical phenomena. Furthermore, imposing a 
viewpoint that one outcome is best implies that a best configuration needs some formal definition that is independent 
of mentioning organism lifespan, reproductivity, etc (as quantum mechanics does not depend on those things) and 
that the best configuration does depend on things such as energy levels, perturbations to the molecule, and similar 
things. When all of these are taken into consideration then the best state would seem to yield a truly random mutation 
as per what is perceived by humans as evolution. 

However, the theory, at least that proposed by McFadden and Al-Khlaili [8] , did not propose that certain states are 
identified as 'best' by the quantum system but only that certain states interact with the environment more strongly 
than other states and thereby promote more rapid decoherence. For a starving cell, these more interactive states are 
those DNA states that encode mutations that allow the cell to grow. 

Of course, DNA, like all molecules, already obeys the laws of quantum mechanics, including quantum 
superpositions, collapses, and tunneling. The consequences of these laws are more commonly known as quantum 
chemistry, which explains all of the familiar chemical laws. Since the chemical behavior of DNA is reasonnably 
well-understood, and already includes both (ordinary) quantum mechanics and (ordinary) mutations, it is not yet 
clear where the additional effects of quantum evolution are supposed to arise. 
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See also 

• Quantum mechanics 

• Quantum mind 

• Adaptive mutation 
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For the alternative non-standard theory see: Quantum evolution (alternative). 

Quantum evolution is a component of George Gaylord Simpson's multi-tempoed theory of evolutionary change, 
responsible for the rapid emergence of higher taxonomic groups. According to Simpson, evolutionary rates differ 
from group to group and even among closely related lineages. These different rates of evolutionary change were 
designated by Simpson as horotelic (medium tempo), bradytelic (slow tempo), and tachytelic (rapid tempo). 
Quantum evolution differed from these styles of change in that it involved a drastic shift in the adaptive zones of 
certain classes of animals. The word "quantum" therefore refers to an "all-or-none reaction," where transitional forms 
are particularly unstable, and perished rapidly and completely. Although quantum evolution may happen at any 
taxonomic level (1953, 389), it plays a much larger role in "the origin taxonomic units of relatively high rank, such 
as families, orders, and classes." (1944, 206) 

According to Simpson (1944) quantum evolution relied heavily upon Sewall Wright's theory of random genetic drift. 
Simpson believed that major evolutionary transitions would arise when small populations — isolated and limited from 
gene flow — would fixate upon unusual gene combinations. This "inadaptive phase" (by genetic drift) would then (by 
natural selection) drive a deme population from one stable adaptive peak to another on the adaptive fitness 
landscape. However in his Major Features of Evolution (1953) Simpson wrote that it was still controversial "whether 
prospective adaptation as prelude to quantum evolution arises adaptively or inadaptively. It was concluded above 
that it usually arises adaptively .... The precise role of, say, genetic drift in this process thus is largely speculative at 
present. It may have an essential part or none. It surely is not involved in all cases of quantum evolution, but there is 
a strong possibility that it is often involved. If or when it is involved, it is an initiating mechanism. Drift can only 
rarely, and only for lower categories, have completed the transition to a new adaptive zone." (p. 390) This preference 
for adaptive over inadaptive forces lead Stephen Jay Gould to call attention to the "hardening of the Modern 
Synthesis" in the 1950s, where adaptationism took precedent over the pluralism of mechanisms common in the 
1930s and 40s. 
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Simpson considered quantum evolution his crowning achievement, being "perhaps the most important outcome of 
[my] investigation, but also the most controversial and hypothetical." (1944, p. 206). 
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Molecular Dynamics and Biochemistry 



Molecular dynamics 

Molecular dynamics (MD) is a form of computer simulation in which atoms and molecules are allowed to interact 
for a period of time by approximations of known physics, giving a view of the motion of the particles. This kind of 
simulation is frequently used in the study of proteins and biomolecules, as well as in materials science. It is tempting, 
though not entirely accurate, to describe the technique as a "virtual microscope" with high temporal and spatial 
resolution. Whereas it is possible to take "still snapshots" of crystal structures and probe features of the motion of 
molecules through NMR, no experiment allows access to all the time scales of motion with atomic resolution. 
Richard Feynman once said that "If we were to name the most powerful assumption of all, which leads one on and 
on in an attempt to understand life, it is that all things are made of atoms, and that everything that living things do 
can be understood in terms of the jigglings and wigglings of atoms." Molecular dynamics lets scientists peer into the 
motion of individual atoms in a way which is not possible in laboratory experiments. 

Molecular dynamics is a specialized discipline of molecular modeling and computer simulation based on statistical 
mechanics; the main justification of the MD method is that statistical ensemble averages are equal to time averages 
of the system, known as the ergodic hypothesis. MD has also been termed "statistical mechanics by numbers" and 
"Laplace's vision of Newtonian mechanics" of predicting the future by animating nature's forces'^ [2] and allowing 
insight into molecular motion on an atomic scale. However, long MD simulations are mathematically ill-conditioned, 
generating cumulative errors in numerical integration that can be minimized with proper selection of algorithms and 
parameters, but not eliminated entirely. Furthermore, current potential functions are, in many cases, not sufficiently 
accurate to reproduce the dynamics of molecular systems, so the much more computationally demanding Ab Initio 
Molecular Dynamics method must be used. Nevertheless, molecular dynamics techniques allow detailed time and 
space resolution into representative behavior in phase space for carefully selected systems. 

Before it became possible to simulate molecular dynamics with computers, some undertook the hard work of trying 
it with physical models such as macroscopic spheres. The idea was to arrange them to replicate the properties of a 
liquid. J.D. Bernal said, in 1962: "... I took a number of rubber balls and stuck them together with rods of a selection 
of different lengths ranging from 2.75 to 4 inches. I tried to do this in the first place as casually as possible, working 
in my own office, being interrupted every five minutes or so and not remembering what I had done before the 
interruption." Fortunately, now computers keep track of bonds during a simulation. 

Because molecular systems generally consist of a vast number of particles, it is in general impossible to find the 
properties of such complex systems analytically. When the number of particles interacting is higher than two, the 
result is chaotic motion (see n-body problem). MD simulation circumvents the analytical intractability by using 
numerical methods. It represents an interface between laboratory experiments and theory, and can be understood as a 
"virtual experiment". MD probes the relationship between molecular structure, movement and function. Molecular 
dynamics is a multidisciplinary method. Its laws and theories stem from mathematics, physics, and chemistry, and it 
employs algorithms from computer science and information theory. It was originally conceived within theoretical 
physics in the late 1950s [4] and early 1960s [5] , but is applied today mostly in materials science and the modeling of 
biomolecules. 
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Areas of Application 

There is a significant difference 
between the focus and methods used by 
chemists and physicists, and this is 
reflected in differences in the jargon 
used by the different fields. In 
chemistry and biophysics, the 
interaction between the particles is 
either described by a "force field" 
(classical MD), a quantum chemical 
model, or a mix between the two. These 
terms are not used in physics, where the 
interactions are usually described by the 
name of the theory or approximation 
being used and called the potential 
energy, or just the "potential". 



Give atoms initial positions r"-°>, choose short At 



Get forces F = - V V(r®) and a = F/m 



X 



Move atoms: r< l+1 > = r<» +vC>At + V,a At 2 + 



Move time forward: t = t + At 



X 



Repeat as long as you need 



Highly simplified description of the molecular dynamics simulation algorithm. The 
simulation proceeds iteratively by alternatively calculating forces and solving the 
equations of motion based on the accelerations obtained from the new forces. In practise, 
almost all MD codes use much more complicated versions of the algorithm, including 
two steps (predictor and corrector) in solving the equations of motion and many 
additional steps for e.g. temperature and pressure control, analysis and output. 



Beginning in theoretical physics, the method of MD gained popularity in materials science and since the 1970s also 
in biochemistry and biophysics. In chemistry, MD serves as an important tool in protein structure determination and 
refinement using experimental tools such as X-ray crystallography and NMR. It has also been applied with limited 
success as a method of refining protein structure predictions. In physics, MD is used to examine the dynamics of 
atomic-level phenomena that cannot be observed directly, such as thin film growth and ion-subplantation. It is also 
used to examine the physical properties of nanotechnological devices that have not or cannot yet be created. 

In applied mathematics and theoretical physics, molecular dynamics is a part of the research realm of dynamical 
systems, ergodic theory and statistical mechanics in general. The concepts of energy conservation and molecular 
entropy come from thermodynamics. Some techniques to calculate conformational entropy such as principal 
components analysis come from information theory. Mathematical techniques such as the transfer operator become 
applicable when MD is seen as a Markov chain. Also, there is a large community of mathematicians working on 
volume preserving, symplectic integrators for more computationally efficient MD simulations. 

MD can also be seen as a special case of the discrete element method (DEM) in which the particles have spherical 
shape (e.g. with the size of their van der Waals radii.) Some authors in the DEM community employ the term MD 
rather loosely, even when their simulations do not model actual molecules. 



Design Constraints 

Design of a molecular dynamics simulation should account for the available computational power. Simulation size 
(n=number of particles), timestep and total time duration must be selected so that the calculation can finish within a 
reasonable time period. However, the simulations should be long enough to be relevant to the time scales of the 
natural processes being studied. To make statistically valid conclusions from the simulations, the time span 
simulated should match the kinetics of the natural process. Otherwise, it is analogous to making conclusions about 
how a human walks from less than one footstep. Most scientific publications about the dynamics of proteins and 
DNA use data from simulations spanning nanoseconds (1E-9 s) to microseconds (1E-6 s). To obtain these 
simulations, several CPU-days to CPU-years are needed. Parallel algorithms allow the load to be distributed among 
CPUs; an example is the spatial or force decomposition decomposition [6]. 

During a classical MD simulation, the most CPU intensive task is the evaluation of the potential (force field) as a 
function of the particles' internal coordinates. Within that energy evaluation, the most expensive one is the 
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non-bonded or non-covalent part. In Big O notation, common molecular dynamics simulations scale by 0(?7, 2 )if all 
pair-wise electrostatic and van der Waals interactions must be accounted for explicitly. This computational cost can 
be reduced by employing electrostatics methods such as Particle Mesh Ewald ( 0(n log(n))), P3M or good spherical cutoff 
techniques ( 0{n))- 

Another factor that impacts total CPU time required by a simulation is the size of the integration timestep. This is the 
time length between evaluations of the potential. The timestep must be chosen small enough to avoid discretization 
errors (i.e. smaller than the fastest vibrational frequency in the system). Typical timesteps for classical MD are in the 
order of 1 femtosecond (1E-15 s). This value may be extended by using algorithms such as SHAKE, which fix the 
vibrations of the fastest atoms (e.g. hydrogens) into place. Multiple time scale methods have also been developed, 
which allow for extended times between updates of slower long-range forces. ^ [8] [9] 

For simulating molecules in a solvent, a choice should be made between explicit solvent and implicit solvent. 
Explicit solvent particles (such as the TIP3P, SPC/E and SPC-f water models) must be calculated expensively by the 
force field, while implicit solvents use a mean-field approach. Using an explicit solvent is computationally 
expensive, requiring inclusion of roughly ten times more particles in the simulation. But the granularity and viscosity 
of explicit solvent is essential to reproduce certain properties of the solute molecules. This is especially important to 
reproduce kinetics. 

In all kinds of molecular dynamics simulations, the simulation box size must be large enough to avoid boundary 
condition artifacts. Boundary conditions are often treated by choosing fixed values at the edges (which may cause 
artifacts), or by employing periodic boundary conditions in which one side of the simulation loops back to the 
opposite side, mimicking a bulk phase. 

Microcanonical ensemble (NVE) 

In the microcanonical, or NVE ensemble, the system is isolated from changes in moles (N), volume (V) and energy 
(E). It corresponds to an adiabatic process with no heat exchange. A microcanonical molecular dynamics trajectory 
may be seen as an exchange of potential and kinetic energy, with total energy being conserved. For a system of N 
particles with coordinates X and velocities \ r , the following pair of first order differential equations may be 
written in Newton's notation as 

F(X) = -WpT) = MV(t) 
V(t)=X(t). 

The potential energy function U(X)of the system is a function of the particle coordinates X ■ It is referred to 
simply as the "potential" in Physics, or the "force field" in Chemistry. The first equation comes from Newton's laws; 
the force p acting on each particle in the system can be calculated as the negative gradient of U(X) . 
For every timestep, each particle's position X and velocity \ A may be integrated with a symplectic method such as 
Verlet. The time evolution of X and Vis called a trajectory. Given the initial positions (e.g. from theoretical 
knowledge) and velocities (e.g. randomized Gaussian), we can calculate all future (or past) positions and velocities. 

One frequent source of confusion is the meaning of temperature in MD. Commonly we have experience with 
macroscopic temperatures, which involve a huge number of particles. But temperature is a statistical quantity. If 
there is a large enough number of atoms, statistical temperature can be estimated from the instantaneous 
temperature, which is found by equating the kinetic energy of the system to nkgT/2 where n is the number of 
degrees of freedom of the system. 

A temperature-related phenomenon arises due to the small number of atoms that are used in MD simulations. For 
example, consider simulating the growth of a copper film starting with a substrate containing 500 atoms and a 
deposition energy of 100 eV. In the real world, the 100 eV from the deposited atom would rapidly be transported 
through and shared among a large number of atoms ( lQ 10 or more) with no big change in temperature. When there 
are only 500 atoms, however, the substrate is almost immediately vaporized by the deposition. Something similar 
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happens in biophysical simulations. The temperature of the system in NVE is naturally raised when macromolecules 
such as proteins undergo exothermic conformational changes and binding. 

Canonical ensemble (NVT) 

In the canonical ensemble, moles (N), volume (V) and temperature (T) are conserved. It is also sometimes called 
constant temperature molecular dynamics (CTMD). In NVT, the energy of endothermic and exothermic processes is 
exchanged with a thermostat. 

A variety of thermostat methods is available to add and remove energy from the boundaries of an MD system in a 
more or less realistic way, approximating the canonical ensemble. Popular techniques to control temperature include 
velocity rescaling, the Nose-Hoover thermostat, Nose-Hoover chains, the Berendsen thermostat and Langevin 
dynamics. Note that the Berendsen thermostat might introduce the flying ice cube effect, which leads to unphysical 
translations and rotations of the simulated system. 

It is not trivial to obtain a canonical distribution of conformations and velocities using these algorithms. How this 
depends on system size, thermostat choice, thermostat parameters, time step and integrator is the subject of many 
articles in the field. 

Isothermal-Isobaric (NPT) ensemble 

In the isothermal-isobaric ensemble, moles (N), pressure (P) and temperature (T) are conserved. In addition to a 
thermostat, a barostat is needed. It corresponds most closely to laboratory conditions with a flask open to ambient 
temperature and pressure. 

In the simulation of biological membranes, isotropic pressure control is not appropriate. For lipid bilayers, pressure 
control occurs under constant membrane area (NPAT) or constant surface tension "gamma" (NPyT). 

Generalized ensembles 

The replica exchange method is a generalized ensemble. It was originally created to deal with the slow dynamics of 
disordered spin systems. It is also called parallel tempering. The replica exchange MD (REMD) formulation [10] tries 
to overcome the multiple-minima problem by exchanging the temperature of non-interacting replicas of the system 
running at several temperatures. 

Potentials in MD simulations 

A molecular dynamics simulation requires the definition of a potential function, or a description of the terms by 
which the particles in the simulation will interact. In chemistry and biology this is usually referred to as a force field. 
Potentials may be defined at many levels of physical accuracy; those most commonly used in chemistry are based on 
molecular mechanics and embody a classical treatment of particle -particle interactions that can reproduce structural 
and conformational changes but usually cannot reproduce chemical reactions. 

The reduction from a fully quantum description to a classical potential entails two main approximations. The first 
one is the Born-Oppenheimer approximation, which states that the dynamics of electrons is so fast that they can be 
considered to react instantaneously to the motion of their nuclei. As a consequence, they may be treated separately. 
The second one treats the nuclei, which are much heavier than electrons, as point particles that follow classical 
Newtonian dynamics. In classical molecular dynamics the effect of the electrons is approximated as a single 
potential energy surface, usually representing the ground state. 

When finer levels of detail are required, potentials based on quantum mechanics are used; some techniques attempt 
to create hybrid classical/quantum potentials where the bulk of the system is treated classically but a small region is 
treated as a quantum system, usually undergoing a chemical transformation. 
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Empirical potentials 

Empirical potentials used in chemistry are frequently called force fields, while those used in materials physics are 
called just empirical or analytical potentials. 

Most force fields in chemistry are empirical and consist of a summation of bonded forces associated with chemical 
bonds, bond angles, and bond dihedrals, and non-bonded forces associated with van der Waals forces and 
electrostatic charge. Empirical potentials represent quantum-mechanical effects in a limited way through ad-hoc 
functional approximations. These potentials contain free parameters such as atomic charge, van der Waals 
parameters reflecting estimates of atomic radius, and equilibrium bond length, angle, and dihedral; these are obtained 
by fitting against detailed electronic calculations (quantum chemical simulations) or experimental physical properties 
such as elastic constants, lattice parameters and spectroscopic measurements. 

Because of the non-local nature of non-bonded interactions, they involve at least weak interactions between all 
particles in the system. Its calculation is normally the bottleneck in the speed of MD simulations. To lower the 
computational cost, force fields employ numerical approximations such as shifted cutoff radii, reaction field 
algorithms, particle mesh Ewald summation, or the newer Particle-Particle Particle Mesh (P3M). 

Chemistry force fields commonly employ preset bonding arrangements (an exception being ab-initio dynamics), and 
thus are unable to model the process of chemical bond breaking and reactions explicitly. On the other hand, many of 
the potentials used in physics, such as those based on the bond order formalism can describe several different 
coordinations of a system and bond breaking. Examples of such potentials include the Brenner potential [11] for 
hydrocarbons and its further developments for the C-Si-H and C-O-H systems. The ReaxFF potential^ 121 can be 
considered a fully reactive hybrid between bond order potentials and chemistry force fields. 

Pair potentials vs. many-body potentials 

The potential functions representing the non-bonded energy are formulated as a sum over interactions between the 
particles of the system. The simplest choice, employed in many popular force fields, is the "pair potential", in which 
the total potential energy can be calculated from the sum of energy contributions between pairs of atoms. An 
example of such a pair potential is the non-bonded Lennard-Jones potential (also known as the 6-12 potential), used 
for calculating van der Waals forces. 



Another example is the Born (ionic) model of the ionic lattice. The first term in the next equation is Coulomb's law 
for a pair of ions, the second term is the short-range repulsion explained by Pauli's exclusion principle and the final 
term is the dispersion interaction term. Usually, a simulation only includes the dipolar term, although sometimes the 
quadrupolar term is included as well. 



In many-body potentials, the potential energy includes the effects of three or more particles interacting with each 
other. In simulations with pairwise potentials, global interactions in the system also exist, but they occur only 
through pairwise terms. In many-body potentials, the potential energy cannot be found by a sum over pairs of atoms, 
as these interactions are calculated explicitly as a combination of higher-order terms. In the statistical view, the 
dependency between the variables cannot in general be expressed using only pairwise products of the degrees of 

ri3i 

freedom. For example, the Tersoff potential , which was originally used to simulate carbon, silicon and 
germanium and has since been used for a wide range of other materials, involves a sum over groups of three atoms, 
with the angles between the atoms being an important factor in the potential. Other examples are the embedded-atom 
method (EAM) [14] and the Tight-Binding Second Moment Approximation (TBSMA) potentials [15] , where the 
electron density of states in the region of an atom is calculated from a sum of contributions from surrounding atoms, 
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and the potential energy contribution is then a function of this sum. 

Semi-empirical potentials 

Semi-empirical potentials make use of the matrix representation from quantum mechanics. However, the values of 
the matrix elements are found through empirical formulae that estimate the degree of overlap of specific atomic 
orbitals. The matrix is then diagonalized to determine the occupancy of the different atomic orbitals, and empirical 
formulae are used once again to determine the energy contributions of the orbitals. 

There are a wide variety of semi-empirical potentials, known as tight-binding potentials, which vary according to the 
atoms being modeled. 

Polarizable potentials 

Most classical force fields implicitly include the effect of polarizability, e.g. by scaling up the partial charges 
obtained from quantum chemical calculations. These partial charges are stationary with respect to the mass of the 
atom. But molecular dynamics simulations can explicitly model polarizability with the introduction of induced 
dipoles through different methods, such as Drude particles or fluctuating charges. This allows for a dynamic 
redistribution of charge between atoms which responds to the local chemical environment. 

For many years, polarizable MD simulations have been touted as the next generation. For homogenous liquids such 
as water, increased accuracy has been achieved through the inclusion of polarizability. [16] Some promising results 
have also been achieved for proteins. [17] However, it is still uncertain how to best approximate polarizability in a 
simulation. 

Ab-initio methods 

In classical molecular dynamics, a single potential energy surface (usually the ground state) is represented in the 
force field. This is a consequence of the Born-Oppenheimer approximation. If excited states, chemical reactions or a 
more accurate representation is needed, electronic behavior can be obtained from first principles by using a quantum 
mechanical method, such as Density Functional Theory. This is known as Ab Initio Molecular Dynamics (AIMD). 
Due to the cost of treating the electronic degrees of freedom, the computational cost of this simulations is much 
higher than classical molecular dynamics. This implies that AIMD is limited to smaller systems and shorter periods 
of time. 

Ab-initio quantum-mechanical methods may be used to calculate the potential energy of a system on the fly, as 
needed for conformations in a trajectory. This calculation is usually made in the close neighborhood of the reaction 
coordinate. Although various approximations may be used, these are based on theoretical considerations, not on 
empirical fitting. Ab-initio calculations produce a vast amount of information that is not available from empirical 
methods, such as density of electronic states or other electronic properties. A significant advantage of using ab-initio 
methods is the ability to study reactions that involve breaking or formation of covalent bonds, which correspond to 
multiple electronic states. 

A popular software for ab-initio molecular dynamics is the Car-Parrinello Molecular Dynamics (CPMD) package 
based on the density functional theory. 

Hybrid QM/MM 

QM (quantum-mechanical) methods are very powerful. However, they are computationally expensive, while the 
MM (classical or molecular mechanics) methods are fast but suffer from several limitations (require extensive 
parameterization; energy estimates obtained are not very accurate; cannot be used to simulate reactions where 
covalent bonds are broken/formed; and are limited in their abilities for providing accurate details regarding the 
chemical environment). A new class of method has emerged that combines the good points of QM (accuracy) and 
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MM (speed) calculations. These methods are known as mixed or hybrid quantum-mechanical and molecular 
mechanics methods (hybrid QM/MM). The methodology for such techniques was introduced by Warshel and 
coworkers. In the recent years have been pioneered by several groups including: Arieh Warshel (University of 
Southern California), Weitao Yang (Duke University), Sharon Hammes-Schiffer (The Pennsylvania State 
University), Donald Truhlar and Jiali Gao (University of Minnesota) and Kenneth Merz (University of Florida). 

The most important advantage of hybrid QM/MM methods is the speed. The cost of doing classical molecular 

2 

dynamics (MM) in the most straightforward case scales 0(n ), where N is the number of atoms in the system. This is 
mainly due to electrostatic interactions term (every particle interacts with every other particle). However, use of 

cutoff radius, periodic pair-list updates and more recently the variations of the particle-mesh Ewald's (PME) method 

2 

has reduced this between O(N) to 0(n ). In other words, if a system with twice many atoms is simulated then it 

would take between twice to four times as much computing power. On the other hand the simplest ab-initio 

3 

calculations typically scale 0(n ) or worse (Restricted Hartree-Fock calculations have been suggested to scale 

2 7 

~0(n ' )). To overcome the limitation, a small part of the system is treated quantum-mechanically (typically 
active-site of an enzyme) and the remaining system is treated classically. 

In more sophisticated implementations, QM/MM methods exist to treat both light nuclei susceptible to quantum 
effects (such as hydrogens) and electronic states. This allows generation of hydrogen wave-functions (similar to 
electronic wave-functions). This methodology has been useful in investigating phenomenon such as hydrogen 
tunneling. One example where QM/MM methods have provided new discoveries is the calculation of hydride 
transfer in the enzyme liver alcohol dehydrogenase. In this case, tunneling is important for the hydrogen, as it 
determines the reaction rate.'- 18 -' 



Coarse-graining and reduced representations 

At the other end of the detail scale are coarse-grained and lattice models. Instead of explicitly representing every 
atom of the system, one uses "pseudo-atoms" to represent groups of atoms. MD simulations on very large systems 
may require such large computer resources that they cannot easily be studied by traditional all-atom methods. 
Similarly, simulations of processes on long timescales (beyond about 1 microsecond) are prohibitively expensive, 
because they require so many timesteps. In these cases, one can sometimes tackle the problem by using reduced 
representations, which are also called coarse-grained models. 

Examples for coarse graining (CG) methods are discontinuous molecular dynamics (CG-DMD)' 19] [20] and 
Go-models . Coarse-graining is done sometimes taking larger pseudo-atoms. Such united atom approximations 
have been used in MD simulations of biological membranes. The aliphatic tails of lipids are represented by a few 
pseudo-atoms by gathering 2-4 methylene groups into each pseudo-atom. 

The parameterization of these very coarse-grained models must be done empirically, by matching the behavior of the 
model to appropriate experimental data or all-atom simulations. Ideally, these parameters should account for both 
enthalpic and entropic contributions to free energy in an implicit way. When coarse-graining is done at higher levels, 
the accuracy of the dynamic description may be less reliable. But very coarse-grained models have been used 
successfully to examine a wide range of questions in structural biology. 

Examples of applications of coarse-graining in biophysics: 

• protein folding studies are often carried out using a single (or a few) pseudo-atoms per amino acid; 

• DNA supercoiling has been investigated using 1-3 pseudo-atoms per basepair, and at even lower resolution; 

• Packaging of double-helical DNA into bacteriophage has been investigated with models where one pseudo-atom 
represents one turn (about 10 basepairs) of the double helix; 

• RNA structure in the ribosome and other large systems has been modeled with one pseudo-atom per nucleotide. 

The simplest form of coarse-graining is the "united atom" (sometimes called "extended atom") and was used in most 
early MD simulations of proteins, lipids and nucleic acids. For example, instead of treating all four atoms of a CH 3 
methyl group explicitly (or all three atoms of CH methylene group), one represents the whole group with a single 
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pseudo-atom. This pseudo-atom must, of course, be properly parameterized so that its van der Waals interactions 
with other groups have the proper distance-dependence. Similar considerations apply to the bonds, angles, and 
torsions in which the pseudo-atom participates. In this kind of united atom representation, one typically eliminates 
all explicit hydrogen atoms except those that have the capability to participate in hydrogen bonds ("polar 
hydrogens"). An example of this is the Charmm 19 force-field. 

The polar hydrogens are usually retained in the model, because proper treatment of hydrogen bonds requires a 
reasonably accurate description of the directionality and the electrostatic interactions between the donor and acceptor 
groups. A hydroxyl group, for example, can be both a hydrogen bond donor and a hydrogen bond acceptor, and it 
would be impossible to treat this with a single OH pseudo-atom. Note that about half the atoms in a protein or 
nucleic acid are nonpolar hydrogens, so the use of united atoms can provide a substantial savings in computer time. 



Examples of applications 

Molecular dynamics is used in many fields of science. 

• First macromolecular MD simulation published (1977, Size: 500 atoms, Simulation Time: 9.2 ps=0.0092 ns, 
Program: CHARMM precursor) Protein: Bovine Pancreatic Trypsine Inhibitor. This is one of the best studied 
proteins in terms of folding and kinetics. Its simulation published in Nature magazine paved the way for 
understanding protein motion as essential in function and not just accessory. 

• MD is the standard method to treat collision cascades in the heat spike regime, i.e. the effects that energetic 
neutron and ion irradiation have on solids an solid surfaces. [23] [24] 

The following two biophysical examples are not run-of-the-mill MD simulations. They illustrate almost heroic 
efforts to produce simulations of a system of very large size (a complete virus) and very long simulation times (500 
microseconds): 

• MD simulation of the complete satellite tobacco mosaic virus (STMV) (2006, Size: 1 million atoms, Simulation 
time: 50 ns, program: NAMD) This virus is a small, icosahedral plant virus which worsens the symptoms of 
infection by Tobacco Mosaic Virus (TMV). Molecular dynamics simulations were used to probe the mechanisms 
of viral assembly. The entire STMV particle consists of 60 identical copies of a single protein that make up the 
viral capsid (coating), and a 1063 nucleotide single stranded RNA genome. One key finding is that the capsid is 
very unstable when there is no RNA inside. The simulation would take a single 2006 desktop computer around 35 
years to complete. It was thus done in many processors in parallel with continuous communication between 
them. [25] 

• Folding Simulations of the Villin Headpiece in All- Atom Detail (2006, Size: 20,000 atoms; Simulation time: 500 
us = 500,000 ns, Program: folding @home) This simulation was run in 200,000 CPU's of participating personal 
computers around the world. These computers had the folding@home program installed, a large-scale distributed 
computing effort coordinated by Vijay Pande at Stanford University. The kinetic properties of the Villin 
Headpiece protein were probed by using many independent, short trajectories run by CPU's without continuous 
real-time communication. One technique employed was the Pfold value analysis, which measures the probability 
of folding before unfolding of a specific starting conformation. Pfold gives information about transition state 
structures and an ordering of conformations along the folding pathway. Each trajectory in a Pfold calculation can 
be relatively short, but many independent trajectories are needed. ^ 
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Molecular dynamics algorithms 
Integrators 

• Verlet-Stoermer integration 

• Runge-Kutta integration 

• Beeman's algorithm 

• Gear predictor - corrector 

• Constraint algorithms (for constrained systems) 

• Symplectic integrator 

Short-range interaction algorithms 

• Cell lists 

• Verlet list 

• Bonded interactions 

Long-range interaction algorithms 

• Ewald summation 

• Particle Mesh Ewald (PME) 

• Particle-Particle Particle Mesh P3M 

• Reaction Field Method 

Parallelization strategies 

• Domain decomposition method (Distribution of system data for parallel computing) 

T271 

• Molecular Dynamics - Parallel Algorithms 

Major software for MD simulations 

• Abalone (classical, implicit water) 

• ABINIT (DFT) 

• ACEMD [28] (running on NVIDIA GPUs: heavily optimized with CUD A) 

• ADUN [29] (classical, P2P database for simulations) 

• AMBER (classical) 

• Ascalaph ' 30 ^ (classical, GPU accelerated) 

• CASTEP (DFT) 

• CPMD(DFT) 

• CP2K [31] (DFT) 

• CHARMM (classical, the pioneer in MD simulation, extensive analysis tools) 

• COSMOS (classical and hybrid QM/MM, quantum-mechanical atomic charges with BPT) 

• Desmond (classical, parallelization with up to thousands of CPU's) 

• Culgi [33] (classical, OPLS-AA, Dreiding, Nerd, and TraPPE-UA force fields) 

• DL_POLY [34] (classical) 

• ESPResSo (classical, coarse-grained, parallel, extensible) 

• Fireball [35] (tight-binding DFT) 

• GROMACS (classical) 

• GROMOS (classical) 

• GULP (classical) 

• Hippo [36] (classical) 
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• Kalypso MD simulation of atomic collisions in solids 

• LAMMPS (classical, large-scale with spatial-decomposition of simulation domain for parallelism) 

• LPMD ^ Las Palmeras Molecular Dynamics: flexible an modular MD. 

• MacroModel (classical) 

• MDynaMix (classical, parallel) 

• MOLDY ^ (classical, parallel) latest release ^ 

• Materials Studio [41] (Forcite MD using COMPASS, Dreiding, Universal, cvff and pcff forcefields in serial or 
parallel, QMERA (QM+MD), ONESTEP (DFT), etc.) 

• MOSCITO (classical) 

• NAMD (classical, parallelization with up to thousands of CPU's) 

• NEWTON-X [42] (ab initio, surface-hopping dynamics) 

• ORAC (classical) 

• ProtoMol [43] (classical, extensible, includes multigrid electrostatics) 

• PWscf(DFT) 

• RedMD [44] (coarse-grained simulations package on GNU licence) 

• S/PHI/nX [45] (DFT) 

• SIESTA (DFT) 

• VASP(DFT) 

• TINKER (classical) 

• YASARA [46] (classical) 

• XMD (classical) 

Related software 

• VMD - MD simulation trajectories can be visualized and analyzed. 

• PyMol - Molecular Visualization software written in python 

• Packmol ^ Package for building starting configurations for MD in an automated fashion 

• Sirius - Molecular modeling, analysis and visualization of MD trajectories 

• esra [48] - Lightweight molecular modeling and analysis library (Java/Jython/Mathematica). 

• Molecular Workbench [49] - Interactive molecular dynamics simulations on your desktop 

• BOSS - MC in OPLS 

Specialized hardware for MD simulations 

• Anton - A specialized, massively parallel supercomputer designed to execute MD simulations. 

• MDGRAPE - A special purpose system built for molecular dynamics simulations, especially protein structure 
prediction. 

See also 

• Molecular graphics 

• Molecular modeling 

• Computational chemistry 

• Energy drift 

• Force field (chemistry) 

• Force field implementation 

• Monte Carlo method 

• Molecular design software 

• Molecular mechanics 
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• Molecular modeling on GPU 

• Protein dynamics 

• Implicit solvation 

• Car-Parrinello method 

• Symplectic numerical integration 

• Software for molecular mechanics modeling 

• Dynamical systems 

• Theoretical chemistry 

• Statistical mechanics 

• Quantum chemistry 

• Discrete element method 

• List of nucleic acid simulation software 
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In the context of molecular mechanics, a force field (also called a 
forcefield) refers to the functional form and parameter sets used to 
describe the potential energy of a system of particles (typically but not 
necessarily atoms). Force field functions and parameter sets are 
derived from both experimental work and high-level quantum 
mechanical calculations. "All-atom" force fields provide parameters for 
every atom in a system, including hydrogen, while "united-atom" force 
fields treat the hydrogen and carbon atoms in methyl and methylene 
groups as a single interaction center. "Coarse-grained" force fields, 
which are frequently used in long-time simulations of proteins, provide 
even more abstracted representations for increased computational 
efficiency. 

The usage of the term "force field" in chemistry and computational 
biology differs from the standard usage in physics. In chemistry usage 
a force field is defined as a potential function, while the term is used in 
physics to denote the negative gradient of a scalar potential. 




A force field is used to minimize the bond 
stretching energy of this ethane molecule. 
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Functional form 



Hydrophobic effect is roughly 
proportional to surface area 



water 

Continuum solvent model 




Distance bond length or 3-atom angle 

Molecular mechanics potential energy function 
with continuum solvent. 



The basic functional form of a force field encapsulates both bonded terms relating to atoms that are linked by 
covalent bonds, and nonbonded (also called "noncovalent") terms describing the long-range electrostatic and van der 
Waals forces. The specific decomposition of the terms depends on the force field, but a general form for the total 
energy in an additive force field can be written as Etotal = ^bonded + ^nonbonded where me components of the 
covalent and noncovalent contributions are given by the following summations: 

-^bonded ^bond ~t~ ^angle ~t~ ^dihedral 
^nonbonded ^electrostatic ^vanderWaals 

The bond and angle terms are usually modeled as harmonic oscillators in force fields that do not allow bond 
breaking. A more realistic description of a covalent bond at higher stretching is provided by the more expensive 
Morse potential. The functional form for the rest of the bonded terms is highly variable. Proper dihedral potentials 
are usually included. Additionally, "improper torsional" terms may be added to enforce the planarity of aromatic 
rings and other conjugated systems, and "cross-terms" that describe coupling of different internal variables, such as 
angles and bond lengths. Some force fields also include explicit terms for hydrogen bonds. 

The nonbonded terms are most computationally intensive because they include many more interactions per atom. A 
popular choice is to limit interactions to pairwise energies. The van der Waals term is usually computed with a 
Lennard-Jones potential and the electrostatic term with Coulomb's law, although both can be buffered or scaled by a 
constant factor to account for electronic polarizability and produce better agreement with experimental observations. 



Parameterization 

In addition to the functional form of the potentials, a force field defines a set of parameters for each type of atom. 
For example, a force field would include distinct parameters for an oxygen atom in a carbonyl functional group and 
in a hydroxyl group. The typical parameter set includes values for atomic mass, van der Waals radius, and partial 
charge for individual atoms, and equilibrium values of bond lengths, bond angles, and dihedral angles for pairs, 
triplets, and quandruplets of bonded atoms, and values corresponding to the effective spring constant for each 
potential. Most current force fields use a "fixed-charge" model by which each atom is assigned a single value for the 
atomic charge that is not affected by the local electrostatic environment; proposed developments in next-generation 
force fields incorporate models for polarizability, in which a particle's charge is influenced by electrostatic 
interactions with its neighbors. For example, polarizability can be approximated by the introduction of induced 
dipoles; it can also be represented by Drude particles, or massless, charge-carrying virtual sites attached by a 
springlike harmonic potential to each polarizable atom. The introduction of polarizability into force fields in 
common use has been inhibited by the high computational expense associated with calculating the local electrostatic 
field. 
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Although many molecular simulations involve biological macromolecules such as proteins, DNA, and RNA, the 
parameters for given atom types are generally derived from observations on small organic molecules that are more 
tractable for experimental studies and quantum calculations. Different force fields can be derived from dissimilar 
types of experimental data, such as enthalpy of vaporization (OPLS), enthalpy of sublimation (CFF), dipole 
moments, or various spectroscopic parameters (CFF). 

Parameter sets and functional forms are defined by force field developers to be self-consistent. Because the 
functional forms of the potential terms vary extensively between even closely related force fields (or successive 
versions of the same force field), the parameters from one force field should never be used in conjunction with the 
potential from another. 



Deficiencies 

All force fields are based on numerous approximations and derived from different types of experimental data. 
Therefore they are called empirical. Some existing force fields usually do not account for electronic polarization of 
the environment, an effect that can significantly reduce electrostatic interactions of partial atomic charges. This 
problem was addressed by developing "polarizable force fields" ^ ^ ^ or using macroscopic dielectric constant. 
However, application of a single value of dielectric constant is questionable in the highly heterogeneous 
environments of proteins or biological membranes, and the nature of the dielectric depends on the model used 

All types of van der Waals forces are also strongly environment-dependent, because these forces originate from 
interactions of induced and "instantaneous" dipoles (see Intermolecular force). The original Fritz London theory of 
these forces can only be applied in vacuum. A more general theory of van der Waals forces in condensed media was 
developed by A. D. McLachlan in 1963 (this theory includes the original London's approach as a special case) ^ . 
The McLachlan theory predicts that van der Waals attractions in media are weaker than in vacuum and follow the 
"like dissolves like" rule, which means that different types of atoms interact more weakly than identical types of 
atoms. [5] . This is in contrast to "combinatorial rules" or Slater-Kirkwood equation applied for development of the 
classical force fields. The "combinatorial rules" state that interaction energy of two dissimilar atoms (e.g. C...N) is 
an average of the interaction energies of corresponding identical atom pairs (i.e. C...C and N...N). According to 
McLachlan theory, the interactions of particles in a media can even be completely repulsive, as observed for liquid 

Ml 

helium . The conclusions of McLachlan theory are supported by direct measurements of attraction forces between 
different materials (Hamaker constant), as explained by Jacob Israelachvili in his book "Intermolecular and surface 
forces". It was concluded that "the interaction between hydrocarbons across water is about 10% of that across 
vacuum" [4] . Such effects are unaccounted in the standard molecular mechanics. 

Another round of criticism came from practical applications, such as protein structure refinement. It was noted that 
CASP participants did not try to refine their models to avoid "a central embarrassment of molecular mechanics, 
namely that energy minimization or molecular dynamics generally leads to a model that is less like the experimental 
structure" . ^ Actually, the force fields have been successfully applied for protein structure refinement in different 
X-ray crystallography and NMR spectroscopy applications, especially using program XPLOR . However, such 
refinement is driven primarily by a set of experimental constraints, whereas the force fields serve merely to remove 

interatomic hindrances. The results of calculations are practically the same with rigid sphere potentials implemented 

rRi 

in program DYANA (calculations from NMR data), or with programs for crystallographic refinement that do not 
use any energy functions. The deficiencies of the force fields remain a major bottleneck in homology modeling of 
proteins ^ . Such situation gave rise to development of alternative empirical scoring functions specifically for ligand 
docking ^ , protein folding '- 12 -' '- 13 -' , computational protein design ^ '- 15 -' ^ , and modeling of proteins in 
membranes [17] . 

There is also an opinion that molecular mechanics may operate with energy which is irrelevant to protein folding or 
ligand binding [18] . The parameters of typical force fields reproduce enthalpy of sublimation, i.e. energy of 
evaporation of molecular crystals. However, it was recognized that protein folding and ligand binding are 
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thermodynamically very similar to crystallization, or liquid-solid transitions, because all these processes represent 
"freezing" of mobile molecules in condensed media [19] [20] [21] . Therefore, free energy changes during protein 
folding or ligand binding are expected to represent a combination of an energy similar to heat of fusion (energy 
absorbed during melting of molecular crystals), a conformational entropy contribution, and solvation free energy. 
The heat of fusion is significantly smaller than enthalpy of sublimation ^ . Hence, the potentials describing protein 
folding or ligand binding must be weaker than potentials in molecular mechanics. Indeed, the energies of H-bonds in 
proteins are ~ -1.5 kcal/mol when estimated from protein engineering or alpha helix to coil transition data , 
but the same energies estimated from sublimation enthalpy of molecular crystals were -4 to -6 kcal/mol [24] . The 
depths of modified Lennard-Jones potentials derived from protein engineering data were also smaller than in typical 
force fields and followed the "like dissolves like" rule, as predicted by McLachlan theory [18] . 



Popular force fields 

Different force fields are designed for different purposes. 

MM2 was developed by Norman Allinger primarily for conformational analysis of hydrocarbons and other small 
organic molecules. It is designed to reproduce the equilibrium covalent geometry of molecules as precisely as 
possible. It implements a large set of parameters that is continuously refined and updated for many different classes 
of organic compounds (MM3 and MM4). [25] [26] [27] [28] [29] 

CFF was developed by Warshel, Lifson and coworkers as a general method for unifying studies of energies, 
structures and vibration of general molecules and molecular crystals. The CFF program, developed by Levitt and 
Warshel, is based on the Cartesian representation of all the atoms, and it served as the basis for many subsequent 
simulation programs. 

ECEPP was developed specifically for modeling of peptides and proteins. It uses fixed geometries of amino acid 
residues to simplify the potential energy surface. Thus, the energy minimization is conducted in the space of protein 
torsion angles. Both MM2 and ECEPP include potentials for H-bonds and torsion potentials for describing rotations 
around single bonds. ECEPP/3 was implemented (with some modifications) in Internal Coordinate Mechanics and 
FANTOM [30] . 

AMBER, CHARMM and GROMOS have been developed primarily for molecular dynamics of macromolecules, 
although they are also commonly applied for energy minimization. Therefore, the coordinates of all atoms are 
considered as free variables. 



Classical force fields 

• AMBER (Assisted Model Building and Energy Refinement)] - widely used for proteins and DNA 

• CHARMM (Chemistry at HARvard Molecular Mechanics)] - originally developed at Harvard, widely used for 
both small molecules and macromolecules 

• CHARMm - commercial version of CHARMM, available through Accelrys 

• CVFF - also broadly used for small molecules and macromolecules 

• COSMOS-NMR - hybrid QM/MM forcefield adapted to a variety of inorganic compounds, organic compounds 
and biological macromolecules, including semi-empirical calculation of atomic charges and NMR properties. 
COSMOS-NMR is optimized for NMR based structure elucidation and implemented in COSMOS molecular 
modelling package. [31] 

• GROMACS - The force field optimized for the package of the same name 

• GROMOS - A force field that comes as part of the GROMOS [32] (GROningen MOlecular Simulation package), a 
general-purpose molecular dynamics computer simulation package for the study of biomolecular systems. 
GROMOS force field (A-version) has been developed for application to aqueous or apolar solutions of proteins, 
nucleotides and sugars. However, a gas phase version (B-version) for simulation of isolated molecules is also 
available 
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• OPLS (Optimized Potential for Liquid Simulations) (variations include OPLS-AA, OPLS-UA, OPLS-2001, 

T331 

OPLS -2005) developed by William L. Jorgensen at the Yale University Department of Chemistry. 

• ENZYMIX ^ 34 ^ - A general polarizable force field for modeling chemical reactions in biological molecules. This 
force field is implemented with the empirical valence bond (EVB) method and is also combined with the 
semimacroscopic PDLD approach in the program in the MOLARIS package. 

• ECEPP/2 ^ 36 ^ - First force field for polypeptide molecules - developed by F.A.Momany, H.A.Scheraga and 
colleagues. 

• QCFF/PI - A general force field for conjugated molecules. [37] . [38] 

Second-generation force fields 

• CFF - a family of forcefields adapted to a broad variety of organic compounds, includes force fields for polymers, 
metals, etc. 

• MMFF (Merck Molecular Force Field)- developed at Merck, for a broad range of molecules 

• MM2, MM3, MM4 - developed by Norman Allinger, parametrized for a broad range of molecules 

T391 

• QVBMM - developed by Vernon G. S. Box, parameterized for all biomolecules and a broad range of organic 
molecules, and implemented in STR3DI32 

Polarizable force field based on induced dipole 

• CFF/ind and ENZYMIX — The first polarizable force field ^ which has subsequently been used in many 
applications to biological systems. . 

• DRF90 [41] developed by P. Th. van Duijnen and coworkers. 

Polarizable Force Fields based on point charges 

• PFF (Polarizable Force Field) developed by Richard A. Friesner and coworkers 

• SP-basis Chemical Potential Equalization (CPE) approach developed by R. Chelli and P. Procacci 

• CHARMM polarizable force field developed by S. Patel (University of Delaware) and C. L. Brooks III 
(University of Michigan). 

• AMBER polarizable force field developed by Jim Caldwell and coworkers. 

Polarizable Force Fields based on distributed multipoles 

• The SIB FA (Sum of Interactions Between Fragments Ab initio computed) [42] force field [43] for small molecules 
and flexible proteins, developed by Nohad Gresh (Paris V, Rene Descartes University) and Jean-Philip Piquemal 
(Paris VI, Pierre & Marie Curie University). SIBFA is a molecular mechanics procedure formulated and 
calibrated on the basis of ab initio supermolecule computations. Its purpose is to enable the simultaneous and 
reliable computations of both intermolecular and conformational energies governing the binding specificities of 
biologically and pharmacologically relevant molecules. This procedure enables an accurate treatment of transition 
metals. The inclusion of a ligand field contribution allows computations on "open-shell" metalloproteins. 

• AMOEBA (Atomic Multipole Optimized Energetics for Biomolecular Applications) [44] force field developed by 
Pengyu Ren (University of Texas at Austin) and Jay W. Ponder (Washington University). 

• ORIENT procedure ' 45 ~' developed by Anthony J. Stone (Cambridge University) and coworkers. 

• Non-Empirical Molecular Orbital (NEMO) procedure developed by Gunnar Karlstrom and coworkers at Lund 
University (Sweden). 
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Polarizable Force Fields based on density 

• - Gaussian Electrostatic Model (GEM)'- 43 -' ' 46 -' ' 47 -' , a polarizable force field based on Density Fitting developed by 
Thomas A. Darden and G. Andres Cisneros at NIEHS; and Jean-Philip Piquemal (Paris VI University). 

• - Polarizable procedure based on the Kim-Gordon approach developed by Jiirg Hutter and coworkers (University 
of Zurick) 

Polarizable Force Fields based on Bond Polarization Theory (BPT) 

• COSMOS-NMR (Computer Simulation of Molecular Structure) developed by Ulrich Sternberg and coworkers. 
Hybrid QM/MM force field enables explicit quantum-mechanical calculation of electrostatic properties using 
localized bond orbitals with fast BPT formalism. [48] Atomic charge fluctuation is possible in each molecular 
dynamics step. 

Reactive Force Fields 

• ReaxFF - reactive force field developed by Adri van Duin, William Goddard and coworkers. It is fast, transferable 
and is the computational method of choice for atomistic-scale dynamical simulations of chemical reactions. 

• EVB (empirical valence bond) - This reactive force field, introduced by Warshel and coworkers, is probably the 
most reliable and physically consistent way of using force fields in modeling chemical reactions in different 
environments. The EVB facilitates calculations of actual activation free energies in condensed phases and in 
enzymes. 

• RWFF - reactive force field for water developed by Detlef W. M. Hofmann, Liudmila N. Kuleshova and Bruno 
DAguanno. It is very fast, reproduces the experimental data of neutron scattering accurate, and allows to simulate 
the bond formation/breaking of water and acids. 

[49] 

Coarse-grained Force fields 

• VAMM- Virtual atom molecular mechanics (VAMM) force field developed by Korkut and Hendrickson. VAMM 
is a coarse-grained force field specifically designed for molecular mechanics calculations such as large scale 
conformational transitions based on the virtual interactions of Calpha atoms. It is a knowledge based force field 

and formulated to capture features dependent on secondary structure and on residue-specific contact information 

. • [50] 
in proteins 

Other 

• VALBOND - a function for angle bending that is based on valence bond theory and works for large angular 
distortions, hypervalent molecules, and transition metal complexes. It can be incorporated into other force fields 
such as CHARMM and UFF. 

Water Models 

The set of parameters used to model water or aqueous solutions (basically a force field for water) is called a water 
model. Water has attracted a great deal of attention due to its unusual properties and its importance as a solvent. 
Many water models have been proposed; some examples are TIP3P, TIP4P, SPC, Flexible SPC, and ST2. 
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See also 

• Force field implementation 

• Molecular dynamics 

• Molecular modelling 

• Software for molecular mechanics modeling 

• Statistical potential 

Further reading 

1. Schlick T. (2000). Molecular Modeling and Simulation: An Interdisciplinary Guide Interdisciplinary Applied 
Mathematics: Mathematical Biology. Springer- Verlag New York, NY. 

2. Israelachvili, J.N. (1992) Intermolecular and surface forces. Academic Press, San Diego. 

3. Warshel A (1991). "Computer Modeling of Chemical Reactions in Enzymes and Solutions" John Wiley & Sons 
New York. 
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CHARMM (Chemistry at HARvard Macromolecular Mechanics) is the name of a widely used set of force fields 
for molecular dynamics as well as the name for the molecular dynamics simulation and analysis package associated 
with them. The CHARMM Development Project involves a network of developers throughout the world 
working with Martin Karplus and his group at Harvard to develop and maintain the CHARMM program. Licenses 
for this software are available, for a fee, to people and groups working in academia. 

The commercial version of CHARMM, called CHARMm (note the lowercase 'm'), is available from Accelrys. 



CHARMM force fields 

Ml 

The CHARMM force fields for proteins include: united-atom (sometimes called "extended atom") CHARMM 19 , 
all-atom CHARMM22 [5] and its dihedral potential corrected variant CHARMM22/CMAP. [6] In the CHARMM22 
protein force field, the atomic partial charges were derived from quantum chemical calculations of the interactions 
between model compounds and water. Furthermore, CHARMM22 is parametrized for the TIP3P explicit water 

model. Nevertheless, it is frequently used with implicit solvents. In 2006, a special version of CHARMM22/CMAP 

f71 

was reparametrized for consistent use with implicit solvent GBSW. 

For DNA, RNA, and lipids, CHARMM27 [8] is used. Some force fields may be combined, for example CHARMM22 
and CHARMM27 for the simulation of protein-DNA binding. Additionally, parameters for NAD+, sugars, 
fluorinated compounds, etc. may be downloaded. These force field version numbers refer to the CHARMM version 
where they first appeared, but may of course be used with subsequent versions of the CHARMM executable 
program. Likewise, these force fields may be used within other molecular dynamics programs that support them. 

In 2009, a general force field for drug-like molecules (CGenFF) was introduced. It "covers a wide range of chemical 

rm 

groups present in biomolecules and drug-like molecules, including a large number of heterocyclic scaffolds." The 
general force field is designed to cover any combination of chemical groups. This inevitably comes with a decrease 
in accuracy for representing any particular subclass of molecules. Users are repeatedly warned in Mackerell's 
website not to use the CGenFF parameters for molecules for which specialized force fields already exist (as 
mentioned above for proteins, nucleic acids, etc). 

CHARMM also includes polarizable force fields using two approaches. One is based on the fluctuating charge (FQ) 
model, also known as Charge Equilibration (CHEQ). [10] The other is based on the Drude shell or dispersion 
oscillator model. [12] [13] 

Parameters for all of these force fields may be downloaded from the Mackerell website [14] for free. 
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CHARMM molecular dynamics program 

The CHARMM program allows generation and analysis of a wide range of molecular simulations. The most basic 
kinds of simulation are minimization of a given structure and production runs of a molecular dynamics trajectory. 

More advanced features include free energy perturbation (FEP), quasi-harmonic entropy estimation, correlation 
analysis and combined quantum, and molecular mechanics (QM/MM) methods. 

CHARMM is one of the oldest programs for molecular dynamics. It has accumulated a huge number of features, 
some of which are duplicated under several keywords with slight variations. This is an inevitable result of the large 
number of outlooks and groups working on CHARMM throughout the world. The changelog file ^ 15 ^ as well as 
CHARMM's source code are good places to look for the names and affiliations of the main developers. The 
involvement and coordination by Charles L. Brooks Ill's group at the University of Michigan is very salient. 

History of the program 

Around 1969, there was considerable interest in developing potential energy functions for small molecules. 
CHARMM originated at Martin Karplus's group at Harvard. Karplus and his then graduate student Bruce Gelin 
decided the time was ripe to develop a program that would make it possible to take a given amino acid sequence and 
a set of coordinates (e.g., from the X-ray structure) and to use this information to calculate the energy of the system 
as a function of the atomic positions. Karplus has acknowledged the importance of major inputs in the development 
of the (at the time nameless) program, including 

• Schneior Lifson's group at the Weizmann Institute, especially from Arieh Warshel who went to Harvard and 
brought his consistent force field (CCF) program with him; 

• Harold Scheraga's group at Cornell University; and 

• Awareness of Michael Levitt's pioneering energy calculations for proteins 

In the 1980s, finally a paper appeared and CHARMM made its public debut. Gelin's program had by then been 
considerably restructured. For the publication, Bob Bruccoleri came up with the name HARMM (HARvard 
Macromolecular Mechanics), but it didn't seem appropriate. So they added a C for Chemistry. Karplus said: "I 
sometimes wonder if Bruccoleri's original suggestion would have served as a useful warning to inexperienced 
scientists working with the program. CHARMM has continued to grow and the latest release of the executable 
program was made in August 2008 as CHARMM35M. 

Running CHARMM Under Unix/Linux 

The general syntax for using the program is: 

charmm -i filename. inp -o filename. out 

charmm 

The actual name of the program (or script which runs the program) on the computer system being used. 

filename . inp 

A text file which contains the CHARMM commands. It starts by loading the molecular topologies (top) and 
force field (par). Then one loads the molecular structures' Cartesian coordinates (e.g. from PDB files). One can 
then modify the molecules (adding hydrogens, changing secondary structure). The calculation section can 
include energy minimization, dynamics production, and analysis tools such as motion and energy correlations. 

filename . out 

The log file for the CHARMM run, containing echoed commands, and various amounts of command output. 
The output print level may be increased or decreased in general, and procedures such as minimization and 
dynamics have printout frequency specifications. The values for temperature, energy pressure, etc. are output 
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at that frequency. 



CHARMM and Volunteer Computing 

Docking® Home, hosted by University of Delaware, one of the projects which use a opensource platform for the 
distributed computing, BOINC, adopts CHARMM to analyze the atomic details of protein-ligand interactions in 
terms of Molecular Dynamics (MD) simulations and minimizations. 

ri7i 

World Community Grid, sponsored by IBM, runs a project called The Clean Energy Project which also uses 
CHARMM. 



See also 

• AMBER 

• Ascalaph Designer 

• GROMACS 

• Force field implementation 

• List of software for molecular mechanics modeling 

• MDynaMix 

• OPLS 

• Yasara 



External links 

Accelrys website ^ 

CHARMM website [1] with documentation [19] and helpful discussion forums ^ 
CHARMM tutorial [21] 

MacKerell ^ 22 ^ website including a Package of force field parameters for CHARMM ^ 
C.Brooks website 
CHARMM page at Harvard [24] 
Roux website ^ 

Bernard R. Brooks Group Website [26] 
VMD [27] - visualization of CHARMM trajectories 
Sirius [28] - visualization of CHARMM trajectories 
Docking® Home ' 29 ^ 
CHARMM-GUI project [30] 
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MDynaMix 



MDynaMix ^ ^ (an acronym for Molecular Dynamics of Mixtures) is 
a general purpose molecular dynamics software package for 
simulations mixtures of molecules, interacting by AMBER/CHARMM 
like force fields in a periodic boundary conditions. MDynaMix is 
developed at the Stockholm University, Sweden. Algorithms for NVE, 
NVT, NPT and anisotropic NPT ensembles are employed, as well as 
Ewald summation for treatment of the electrostatic interactions. The 
code was written in Fortran 77 (with MPI for parallel execution) and 
C++ and released under the GNU GPL. Package works on Unix/Linux 
workstations and clusters of workstations as well as on Windows in 
sequential mode. 
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DNA simulation on MDynaMix 



Programs 

• md - the main MDynaMix block 

• makemol is an utility which provides help in creation of files describing molecular structure and the force field 

• tranal is a suite of utilities for analyzing trajectories 

• mdee is a version of the program which implement expanded ensemble method for computation of free energy / 
chemical potential (is not parallelized) 

• mge provides graphical interface for molecular models construction and monitoring of dynamics process 



Field of application 



131 

Thermodynamic properties of liquids 

141 

Nucleic acid - ions interaction 



Modeling of lipid bilayers^ 

/tes'" 6 

[7] [8] 



Poly electrolytes ^ 



Ionic liquids 
X-ray spectra 
Force Field development' ^ ' ^ 



191 

X-ray spectra of liquid water 



See also 

• Ab alone 

• BOSS 

• CHARMM 

• GROMACS 

• Molecular modelling 

• Molecular design software 

• NAMD 

• TINKER 
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External links 

• Home page ^ 

• Graphical shell for MDynaMix [30] 
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